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Abstract dissipation of next generation embedded systems [14]. Approaches for

In this paper, we propose a new technique for the combined V0|ta%}gnbined DVS and ABB in distributed time-constrained systems have
scaling of processors and communication links, taking into account d£€n reported [22, 15].
namic as well as |eakage power Consumption_ The V0|tage Sca"ng tech.A negative side-effect of the Shrinking feature sizes is the ianeaSing
nique achieves energy efficiency by simultaneously scaling the suppfydelay of on-chip wiring [10, 19]. The main reason behind this trend
and body bias voltages in the case of processors and buses withigethe ever-increasing line resistance. In order to maintain high per-
peaters, while energy efficiency on fat wires is achieved through dgrmance it becomes necessary to “speed-up” the interconnects. Two
namic voltage swing scaling. We also introduce a set of accurate cofPlementation styles which can be applied to reduce the propagation
munication models for the energy estimation of voltage scalable embg@@lay are: (a) The insertion eépeatersand (b) the usage dat wires
ded systems. In particular, we demonstrate that voltage scaling of B0sPrinciple, repeaters split long wires into shorter (faster) segments
repeaters and dynamic adaption of the voltage swing on fat wires cd. 11, 19] and fat wires reduce the wire resistance [18, 19]. Tech-
significantly influence the system’s energy consumption. Experimermgues for the determination of the optimal quantity of repeaters are in-
results, conducted on numerous generated benchmarks and a realffiglucedin [10, 11]. An approach to calculate the optimal voltage swing
example, demonstrate that substantial energy savings can be achie¥/a#at wires has been proposed in [18]. Similar to processors with sup-
with the proposed techniques. ply voltage scaling capability, approaches for link voltage scaling were
recently presented in [17, 21]. An approach for communication speed
) selection was outlined in [13]. Another possibility to reduce communi-
1 Introduction cation energy is the usage of bus encoding techniques [3]. In [9], it was

To fully exploit the potential performance provided by multiprocess§lemonstrated that shared-bus splitting, which dynamically breaks down
architectures (e.g. systems-on-a-chip), communication has to take pl8g- 9lobal buses into smaller, local segments, also helps to improve
over high performance buses, which interconnect the individual com§81€79Y Savings. An estimation framework for communication switch-
nents, in order to prevent performance degradation through unneces{hpctivity was introduced in [7].
contention. Such global buses require a substantial portion of energy, ortntil now, energy estimation for system-level optimization was
top of the energy dissipated by the computational components [18, ftgated in a largely simplified manner, with the aim to hide most “ir-
The minimization of the overall energy consumption requires the cofi@levant” information [13, 20]. Communication delay and energy es-
bined optimization of both the energy dissipated by the computatiorighations are often based on naive models which ignore essential as-
processors as well as the energy consumed by the interconnectiorPffts such as bus implementation technique (repeaters, fat wires), leak-
frastructure. age power, and voltage swing adaption. This, however, very often leads
Dynamic voltage scaling (DVS) and adaptive body biasing (ABEH’ oversimplifications which affect the correctness and relevance of the
are two system-level approaches that can be used to reduce F¥@Posed approaches and, consequently, the accuracy of results. On
energy consumed by processors. Both techniques provide an thg-other hand, issues like optimal voltage swing and increased leakage
ergy/performance trade-off, which can be exploited during run-timeower due to repeaters are not considered at all for implementations of
Conceptually, DVS aims to reduce ttgnamic poweconsumption by Voltage-scalable embedded systems.
decreasing the operational frequency and supply voltage [8, 23], while The aim of this work is to introduce a voltage scaling technique, con-
ABB is efficient in limiting thestatic leakage poweconsumption by sidering scaling of both communication links and processing elements.
reducing the operational frequency and increasing the circuit's thrediie approach is based on suitable delay and energy models, in partic-
old voltage via body biasing [12]. Until recently, dynamic power hadlar for communication links that are implemented via repeaters or fat
been the main source of power dissipation. However, in deep-submicYdfes. As opposed to previous system-level approaches, we take also
CMOS technology (feature size 70nm), leakage power is predicted tointo account the communication leakage power consumption as well as
become comparable to the dynamic power [4, 12]. Hence, the combife dynamic adaption of the voltage swing. The presented work makes
tion of DVS and ABB will become essential to manage the total enerdfye following contributions:

*Supported by CUGS swedish graduate school in computer science (@) We solve the combined voltage scaling problem for processing
TSupported in part by SSF through the STRINGENT excellence center elements and communications links. We take into consideration
*Supported in part by EPSRC under grant GR/S95770 transition overheads in terms of energy as well as time, and also



instance, communication _» is replaced by tasks and the edges con-
nectingtg to 11 andty are introduced X defines the set of all such com-
munication tasks. Secondly, on top of the precedence relations given by
data dependencies between processing or communication tasks, we in-
troduce additional precedence relatians X, generated as result of
scheduling tasks mapped to the same PE and communications mapped
(b) Muliple component schedule (o) Extended Ta ~ ON the same CL. In Fig. 1(c) the dependenciesare represented as
dotted edges. After these transformations we obtain an extended task
Figure 1. Architecture and application model graphGg (7, E). We define the sets of all nodes and all edges in the
extended graph a¥’ and E, respectively. Further, we define the set
account for supply voltage and body bias scaling, in order to r&* C £ of edges, as follows: an edde j) € E* if it connects node;
duce simultaneously dynamic and leakage energy dissipation. With its immediate successaj (according to the schedule), where
problem is formulated as a nonlinear programming (NLP) probleamdt; are mapped on the same component. For example, in Fig. 1(c),
which solves the voltage scaling optimally in polynomial time fo£® = {(2,3),(4,5),(6,7),(7,8),(8,9)}.
components that can operate over a continuous range of voltages.
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&

(a) Target architecture with
mapped task graph

(b) Since voltage scaling for components that operate over a set30f Motivational Example
discrete voltages was proofed to be NP-hard [15], we introduceéraorder to motivate the principles behind the proposed techniques, we
simple yet effective heuristic based on the NLP formulation for thérst illustrate the influence that the combined supply voltage and body
continuous voltage scaling problem. bias scaling of bus repeaters has on the system'’s energy efficiency (Sec-

(c) To allow an effective voltage scaling on the communication linkdon 3.1). Secondly, we show how dynamic voltage swing scaling can
we outline a set of delay and energy models. Further, we take isignificantly reduce the energy consumption of a fat wire-based bus
account the possibility of dynamic voltage swing scaling on f4Bection 3.2).
wires and address the leakage power dissipation in bus repeaters.

The remainder of the paper is organized as follows. Section 2 intr%'-:L Voltage Scaling on Repeater-Based Buses

duces the used architecture and application models. An illustrative &onsider an architecture consisting of two voltage-scalable processing
ample, outlining the motivation behind the presented work, is given é@ements (PE1 and PE2) that communicate via a repeater-based, shared
Section 3. The problem formulation is presented in Section 4. Povars (CL1), which also allows voltage scaling. PE1 has to execute task
and delay models for processors as well as communication links areand PE2 runs task. Taskt, can only start after receiving data from
given in Section 5. Section 6 presents the NLP formulation for contitaskty, and it has to finish execution before a deadlinera&2Fig. 2(a)

uous voltage scaling and the heuristic used for discrete voltage scalsttws the initial schedule for this system, considering an execution at
Experimental results are given in Section 7. Conclusions are drawrtlie nominal voltage settings (highest supply voltage and body bias volt-

Section 8. age), i.e., all components run at their highest performance. The diagram
2 Architecture and Application Model Twol  p=33w Ofy | BE=195w D2, | E=163w Sm

N Py
In this paper, we consider embedded systems which are realized 5| ¢ risomv . P” ] b :72,5 P” ] S )
multiprocessor systems-on-a-chip (SoC). Such architectures consisk 8f| "= | ’T//‘/niﬁsmw Tﬁ Py =tm
several different processing elements (PEs), some of which featurg ] o o ;
DVS and ABB capability. These computational components commg o Y15 Pa=o0mW | Y, I’a»rn=9°'"“;“ | Py, =T5mW
nicate via an infrastructure of communication links (CLs), like bus€s -~ Pttt m{“ s
and point-to-point connections. Similar to the PEs, the CLs might bew- . . i |
equipped with voltage scaling capability. An example architecture o 7 | T L L Ry L P
shown in Fig. 1(a). o ™ s Pt ] Pu=Sm¥ “cz |
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processing and multimedia, can be captured by task gr&gtis C).

Nodest € 7 in these directed acyclic graphs represent computational ~ Figure 2. Voltage scaling on a repeater-based bus

tasks, while edgege C indicate data dependencies between these tasks

(i.e. communications). Tasks require a certain number of clock cycksows the power dissipation (dynamic and leakage) of the individual
NC to be executed, depending on the PE to which they are mappeaimponents over time. For clarity reasons we assume in this example
Similarly, if two dependent tasks are assigned to different Pizand thatthe processors as well as the repeaters of the bus have the same nom-
T, with X # y, then the communication takes place over a CL, involvingal voltage values\jg = 1.8V andVyps = 0V). Further, we assume that

a certain number of clock cycles for the data transfer. Further, tasks #re supply voltages and the body bias voltages of all components can be
annotated with deadlineH that have to be met during run-time. varied continuously in the rangé&6,1.8]V and[—1,0]V, respectively.

We assume that the task graph is mapped and scheduled ontoGhen the power consumptions at the nominal voltages, we can compute
target architecture, i.e., it is known where and in which order tasks aadotal energy consumption of the tasks and communication in the ini-
communications take place. Fig. 1(a) shows an example task graph ti@tchedule agl56+ 103)mW- 0.5ms+ (904 80)mW- 0.5ms+ (125+
has been mapped onto an architecture, and Fig. 1(b) depicts a pos€iB)eW- 0.5ms= 323uJ. As can be observed, at the nominal voltages
execution order. To tie the execution order into the specification, he system over-performs, leading to a slack &hts
perform the following transformation on the original task graph. Firstly, In order to reduce the energy consumption, we can exploit this slack
all communications that take place over communication links are cdgy scaling the voltages of the processing elements. Using the tech-
tured by communication tasks, as indicated by squares in Fig. 1(c). Rajue described in [15], it is possible to calculate the optimal voltage



settings. The resulting voltages for the execution of tagkandt, are The examples above have demonstrated that the combined supply
(1.43v,—0.42V) and (1.54v,—0.49V), respectively. The correspond-voltage and body bias scaling as well as the dynamic voltage swing scal-
ing, voltage scaled schedule is shown in Fig. 2(b). The dynamic aing are effective techniques to reduce power consumption. To exploit

leakage power consumptions of the tasks are reducé2toW,5mW) their power reduction potential, we have to introduce suitable energy

and (65mW,4mW); however, the execution times have increased &nd delay models, which can be used during system-level optimization.

0.79msand 071ms Executing the tasks with these settings, the sy§hese models will be presented in Section 5.

tem dissipates an energy of 3125 a reduction by 39% compared to the

energy at nominal voltages. 4  Problem Formulation

To demonstrate the importance of combined voltage scaling of A% assume that all tasks and communications of the extended task graph
processors and the repeater-based bus, we have produced the yQlle been mapped and scheduled onto the target architecture. For each
age scaled schedule shown in Fig. 2(c). Here the supply voltageigsy; its deadlinedl;, its number of clock cycles to be executs@;,
well as the body bias voltage of the repeaters have been adjusted WKR the switched capacitanGgs ¢ are given. Each processor can vary
the aim to reduce the dynamic and leakage power dissipation of {fesypply voltage/yy andbody bias voltag¥hs within certain continu-
bus. The optimal voltage settings for the tasks and the communiggs ranges (for the continuous voltage scaling problem), or within a set
tion can be calculated a8.48v,—0.42V) for PEL, (17N, -0.61V)  of discrete voltages painsy, = {(Vyq,,Vbs,)} (for the discrete voltage
for PE2, and(1.59v,-0.50V) for the bus repeaters. Correspondinglgcaling problem). The power dissipations (leakage, dynamic) and the
the power dissipations are given B1mW, 5mW), (75mW,4mW), and  cycle time (processor speed) depend on the selected voltage pair. Such
(73mW, 5mW), thereby, reducing the overall system energy dissipatigf\,otage pair is also referred to performance modane consider that
to 1631J. Compared to the nominal energy consumption a reduction Bytransition between two different performance modes on a processor
49%, which is 10% better than in the case when only the PEs are VO”?&?uires an overhead in terms of energy and time. Tasks are executed
scaled. U cycle by cycle, and each cycle can potentially execute at a different volt-

3.2 Voltage Swing Scaling on Fat Wire-Based Buses 29 pai, i.e., at a different performance mode.

. . : . For each communication task, which captures a communication
In this example, we demonstrate the influence that a dynamic varjas,

i  th it ina (th it the wire) h th ween processing task andtj, the number of byted; is given.
lon of the voltage swing (the voltage on the wire) has on € ener pending on the employed bus implementation style, either using re-
efficiency of the bus. Fig. 3 shows the total power consumption of

Raters or fat wires, we have to distinguish between two subproblems:
fat wire bus (including drivers and receivers), depending on the volt 0 ' g P

. t which data i t Th lots h b ted via SP Epeater Implementation: The communication speed as well as the
swing at which data is sent. These plots have been generated via (!S: munication power on bus architectures implemented through re-

simulations using the Berkeley predictivenf® CMOS technology li- caters depend on the supply voltage and body bias voltage. Similar
brary. The two plots show the total power consumption on the bus fr

. . ) . processing elements, these voltages can be varied within a continu-
two dlff(_erent vo!tage settings of the bus drivers and_recelvers. For is range, or within a set of discrete voltage pais= {(Vgq,,Vbs,)}.
ample, if the driver connected tq P.El _and the receiver _at PE2 OPEIGS transitions between different bus performance modes require an en-
at Lov, the_ lowest bus power dissipation.§6mW) is achieved by a ergy and time overhead. Furthermore, an energy overhead is required to
voltage swing of QL4V. Let us assume that the voltages of the d“Vee{dapt the bus voltage to the processor voltage. 0
5 : Fat Wire Implementation: If communication is performed over fat
a5k Nl TR SRR e wires, it is necessary to dynamically adapt the voltage swing at which
s A R N S data is transfered. Furthermore, in order to reduce the power dissipated

X 1 18V P ‘ in the bus drivers and receivers, it is possible to dynamically scale the
v LT supply and body bias voltage of these components. While the voltage

S R A o I swing can be scaled without an influence on the bus performance,

e S S v i the operational speed of the bus drivers and receivers is affected
2T o \ T through voltage scaling, i.e., the bus performance has to be adjusted
: Lo R in accordance to the driver/receiver speed. In the case of continuous
voltage scaling, the value for the voltage swing, the supply voltage, and
L the body bias voltage can be changed within a continuous range. On
i i i i i the other hand, for the discrete voltage scaling case, the components
002 0 06 08 L 2 e e s operate across sets of discrete voltages, referred to as modes. For the
Voltage Swing (V) voltage swing this set is, = {Vsy, } and for the bus drivers and receiver
Figure 3. Optimum swing on a fat wire bus the set ism; = {(Vyq,,Vbs,)}- Of course, changing the voltage swing

and receiver are changed during run-time #®v1due to voltage scal- value as well as the supply and body bias voltages requires an energy
ing. The bus power/voltage swing relation for this situation is indicatédd time overhead. 0
by the dashed line. As we can observe, by keeping the voltage swing
at 014V, the power dissipation on the bus will bestW. However, Our overall goal is to find mode assignments for each processing and
inspecting the plot reveals that it is possible to reduce the bus po\ﬁgmmunication tasks such that the individual task deadlines are satisfied
dissipation by changing the voltage swing from4Y to 0.6V. At this and the total energy consumption, including overheads, is minimal.
voltage swing, the bus dissipates a power @V, i.e., a 51% reduc-
tion can be achieved by changing the voltage swing. 5 Power and Delay Models

Now assume that the driver and receiver voltages are changed ba&kconsider an interconnect structure in which PEs as well as CLs can
from 1.8V to 1.0V. Keeping the swing at.6V results in a power of operate at different frequencies and voltages. In Fig. 4(a) we can ob-
0.83mW, which is, compared to the optimal3BmW at 014V, 33% serve three voltage/frequency islands which can, independently of each
higher than necessary. O other, run at their own voltages and frequencies. The first and second
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Voltage/F Island 1 Voltage/F Island 3 Voltage/Fi Island 2 . . . .
- ORAQeTIequeney ISANC L TOTager AIeney SANES. ., | TOIAGeTIEenSEEE . iy are circuit dependent constants. The execution time of artask

is expressed by = NG;/f, whereNGC; is the number of clock cycles
needed to execute the task.

Each time the processor’s supply voltage and body bias voltage are
altered, the change requires a certain amount of extra energy and time.
These energyy j and delaydy j overheads, when switching froWg,

:(’é)’ir]{ér’ééhh’éét"s’t}ﬁ’c’m}é’l N S to Vyg; and fromVig to Vi, are given by [14],

BUS (CL1)

Dri/Rec
Dri/Rec

) . ) . « Vdd/Vbs . W Vdd/Vbs .
vdd/Vbs - vdd/Vbs : S bus : S bus Ek,j =C - ‘Vd Vddj |2 +Cs- ‘Vb 7Vij ‘2 (4)

L
\

X

O j = max(pvdd- [Vda, —Vdd;|: Pvbs' [Vbs — Vbs; |) ®)
whereC; denotes the power rail capacitance, &dhe total substrate
and well capacitance. The time/voltage slopes for adjustipopr Vs
are captured by the constamigqq and pyps Considering that supply
and body bias voltage can be scaled in parallel, the transition overhead
Figure 4. Interconnect structures d j depends on the maximum time required to reach the new voltages.

Driver
Receiver

Driver
Receiver /

(b) Repeater-Based Bus (c) Fat Wire—Based Bus

5.2 Communication Models

island correspond to processing elements, while the third representstleconsider a bus-based communication system as in Fig. 4. When-
communication link. In addition to the processing cores, the PES’ Voliver the processing eleme?i; sends data tBE, over the busVyg, is
age/frequency islands contain the communication adapters Al and Agnverted to the bus voltayg, by the bus adapter 67E;. At the des-

The main function of these adapters is the translation between the lagigtion processing elemeRE,, Vyg, is converted t&/qq,. Each voltage
state values used by the PEs and the bus. For instance, at a certainggversion in the bus adapter requires an energy overhead, which is:
ment the logic value 1 might be represented by a voltage.2f in

the PE, while on the bus the same logic value corresponds to the signal Eadapter= Cadapter (Vddee *Vddbus)z (6)
voltage 05V. The adapters are implemented as registers that store one

bit for each bus line and they operate in a multiplexed fashion, eithEus, the total energy consumed when communicating between two
at the processor voltage or the bus voltage. As shown in Fig. 4(a), tHecessor®E; andPE; over the bus is given by:

CLs’ voltage/frequency island contains the bus itself, as well as drive
and receiver stages, which are responsible for driving the bus load and

restoring the originally sent signals, respectively. Feature size scaling in deep-submicron circuits is responsible for an
In the remainder of this section, we introduce the models that 816, increasing wire delay of the global interconnects. This is mainly

used to capture the power dissipation and delay of processing elemg(iis 1, higher wire resistanc&caused by a shrinking cross-sectional

as well as communication links. areaA of the wire R 0 1/A). Two approaches to cope with this problem

5.1 Processor Models have been proposed: (a) the usage of repeaters [10, 11] and (b) the usage

. - . ... of fat wires [18, 19]. The bus enerds,s of Eq. (7) depends on which
Digital CMOS circuitry has two major sources of power dissipation: (af these two approaches is used. The following subsections outline the

dynamic powePyy, Which is dissipated whenever active computationr?]OdeIS to estimate these energy dissipations
are carried out (switching of logic states), and (b) leakage p&yugk '
which is consumed whenever the circuit is powered, even if no complo 1 Repeater-based Bus

tations are performed. The dynamic power is expressed by [6, 14],

Ecomm= Eadapteﬁ + Bpus+ Eadapte@ (7)

The wire delay depends quadratically on the wire length, which can
Payn=st-Ceff- f ~ded (1) be approximated using &RC model. In order to reduce the quadratic

o . dependency (i.e., reducing the wire delay), it is possible to break the

wheresy, Cet, f, andVyq denote the switching activity caused by taskyire into smaller segments by inserting repeaters. The authors in [19]

1, the charged (_:apac|tance, operational .frequency, and circuit supégYimate an increasing number of repeaters with technology scaling
voltage, respectively. The leakage power is given by [14], down. For instance, up to 138 repeaters are used mm36chnology
Pleak = Lg-Vaa - Kz - &Yoo glsVos vl 1y, (2) fora corner-to-corner wire with a die size of 7607 Technically, re-

peaters are implemented as simple CMOS inverter circuits, as shown in

whereVys is the body bias voltage arigy, represents the body junctionFig. 4(b). In accordance, the power dissipated by a bus implemented

leakage current. The fitting parametéts, K4 andKs denote circuit with repeaters is given by,

technology dependent constants dngdreflects the number of gates.

For clarity reasons we maintain the same indices as used in [14], wheRsep = N - (St - Crep-Vidy - f +Vaq - Kg - €Vea . s Vos 1\ -15,) (8)

also actual values for these constants are given.

Scaling the supply and the body bias voltage, in order to reduce the
power consumption, has a side-effect on the circuit ddlayd hence whereN is the number of repeaters, is the average switching activity
the operational frequency [6, 14], caused by communicatiare X, Crep is the load capacity of a repeater

a (the sum of the output capacity of a repedigr the wire capacitLy,
((1+Ka) Vaa + Kz Vs — Vi) (3) and the input capacity of the next repedfg), andVyq, Vbs, andf are
Ke - La-Vud the supply voltage, body bias voltage, and the frequency at which the
wherea reflects the velocity saturation imposed by the used technologpeaters operate. Further, the const&atK,, Ks, andl;, depend on
(common values .2 < a < 2), L4 is the logic depth, ani{;, K2, Kg and repeater circuits.

den Heak

f=1/d=



The bus speed is constrained by the repeater frequency. Sincetéobnology dependent parameter), i.e., a lower voltage swing results in
repeaters are implemented as CMOS inverters, we can use Eq. (3 tagher static energy (while the dynamic power is reduced). In order
approximate the operational frequentyf the bus. Correspondingly, to find the most efficient solution we need to find an appropriate volt-

the execution time of a communicatiore X is given by, age swing that minimizes the total bus poviis = Puriy,, + Parijea +
Precyyn + Preeq-  Using the optimal voltage swing can help to signifi-
t= {&1 . 1 9) cantly reduce the power consumption of the bus [5, 18].
Whus [ The speed at which the data can be transmitted over the fat wires can

whereNB; denotes the number of bits to be transmitted by comm@€ considered to be independent of the used voltage swingret, the
nicationt andW,s is the width of the bus (i.e. the number of bitsous driver and receiver circuits introduce a delay that is non-negligible
transmitted with each clock cycle). Accordingly to Eq. (8) and (9), tH"d depends on the voltageég andVhs. This delayd and the corre-

bus energy dissipation is given iBss = Pep-t. Of course, scaling sponding operational frequehcy_ can be calcula_ted accordlng_to Eq._ (_3).
the supply voltage and body bias voltage of the repeaters requires dnsgrder to lower the power dissipation of the drivers and receivers, it is
an overhead in terms of energy and time, which are given in the saRf$sible to reducéyy and/or to increase,s, which, inturn, necessitates
way as the overheads required by processor voltage scaling (see Eq@jeduction of the bus speed. However, it is important to note that the
and (5)). Nevertheless, the insertion of repeaters comes at the cofRifmal voltage swing depends on g andVis settings of the drivers

an increased area and power consumption. For example, the authorg"gkreceivers. Since these settings are dynamically changed during run-
[19] estimate that in 56m CMOS technology the power dissipated b);ime via voltage scaling, the value of the optimal voltage swing changes

repeaters will account for 40% of total power consumption. as well during run-time. Therefore, in our proposed voltage scaling
technique for fat wire-based buses, we consider the dynamic adaption
5.2.2 Fat Wire-Based Bus of the voltage swing in order to achieve high energy efficiency.

Another approach for reducing the wire delay is to increase the physicalln addition to the transition overheads in term of energy and time,
dimensions of the wire, instead of scaling them down with technologyhich are required when scaling the voltages of the drivers and receivers
The usage of “fat” wires, on the top metal layer, has been proposed(Bg€ Ed. (4) and (5)), the dynamic scaling of the voltage swing neces-
[18]. The main advantage of such wires is their low resistance. Providgttes additional overheads. For a transition fids to Vsw, these
thatL - Ry/Zo < 2In2 (L is the wire lengthR,, is the wire resistance per overheads in energy and time are given by,

unit length and?, its characteristic impedance), they exhibit a transmis-

sion line behavior, as opposed to IRE behavior in the repeater-based & j = Cwr - (Vow, —Vw )> and 8 j = pvsw- Vow —Vew|  (15)
architecture. Using fat wires, the transmission speed approaches the

physical limits (the speed of light in the particular dielectric). Howevewhere Cyr is the wire power rail capacitance angysw is the

only a limited wire length can be accomplished with the available widthne/voltage slope.

of the top metal layer. For example, for mthlong wire in 18Gymtech- At this point it is interesting to note that the combination of the fat
nology, the authors in [5] obtained a fat wire width qfrBon the top wire-based and the repeater-based approach would not offer any advan-
metal layer. tage. Using fat wires eliminates tfRC behavior of the wire, and thus

The dynamic power consumption of such a fat wire-based busingroducing repeaters would be useless and even increase the energy dis-
mainly due to its large line capacitance. This capacitance is driven bgipation and the delay.
bus driver, for which the dynamic power consumption is:

Pdriay = St f + (Cari +Cw) - Vg (10)

wheres; is the switching activity caused by communicatiog X, f . _ . . )
is the bus frequency, ar@;; andCy represent the capacitance of thén this section, we consider the supply and body bias voltage scaling
driver and the wire, respectively. problem for the processors and the communication links, including the
One way to limit the dynamic power is to transmit data at a lowdfansition overheads in terms of both delay and energy. We first in-
voltage swingVsw, instead of using the higher bus voltaggy. Corre- troduce a nonlinear model of the continuous voltage scaling problem,

spondingly, the dynamic power consumed by the driver is given by: Which is optimally solvable in polynomial time, and then outline a
heuristic for the discrete voltage scaling case.

6 Combined Voltage Scaling for Processors and
Communication Links

_f st f-(Cqri+Cw) Vad-Vsw if Vswis generated on chip _ _
driayn sc- f - (Cari +Cw) -V, otherwise 6.1 Continuous Voltage Scaling
(11)

Furthermore, the driver dissipates a non-negligible leakage power The nonlinear programming formulation for the continuous voltage

scaling problem is given as follows:

Pdria = Lg- (Vaa - Ka- €4 Vae . s Vs 1\l 15y) (12) Minimize
Since the lower swing corresponds to lower signal values, a receiver |T| | K|
has to restore the “original” signal. This requires an amplification, for Z Edyn, + Eleak + Z Edyn, + Eleak + Z &, (16)
which a dynamic and a leakage power consumption can be calculated (kJ)eE"
as: 5 computation communication overhead
PreQ:lyn = Sr . f 'Crec'vdd (13)
Pregea = Lg- (Vad - Kg- Vo . g (Voa/27Vaw/2) gsos 1\ [ 15,) subject to
(14) ) (Ke-LgVug,) .
NG ((1+K1)Vag, +Ka-Vog, —Ving )® fneeT

Please note that the leakage power exponentially depends on the differ- t, =

ence between the bus voltagg,, . and the voltage swingsy (KL is a [WDUJ " (TR Vag, Ko Vog —Virg )° if xe X




Dk+tk < Dy V(klI)eE (18) (Eqg. (17)) are convex functions. Hence, the problem falls into the class
Dk+t+8& < D V(kl)eE® (19) gf ger;erz;l cotrlwe)l(ln(.)nlinTar opFir}wti;atiOTSF)roblems. Such problems can
. . e solved optimally in polynomial time .
Dette < dl Ve T withadeadine  (20) °° SOlved optimallyin polynomial ime [15]
Dk > O (21) 6.2 Discrete Voltage Scaling
Since processor designs are most often restricted to a finite set of dis-
Vdnn € Vdde < Vddpa (22)  crete performance modes, it is not possible to apply the continuously
Vosin < Vos, < Vbgoa (23) selected voltages directly. In [15], we have demonstrated that discrete

(24) voltage scaling is NP-hard. Therefore, we propose the following heuris-
tic to effectively transform the continuously selected voltages, produced

The variables that need to be determined in this formulation, in ord® solving the NLP formulation from Section 6.1, into discrete values.

to minimize the total energy, are the task and communication executfd#cording to the operational frequencies that are calculated as result of
timesty, the start ime®y, as well as the voltagésq,, Vb, andVey,. the continuously selected voltages, the two surrounding discrete perfor-
The whole formulation can be explained as follows. The total ener§jance modes are chosefg < fcon < fg2. That s, the execution of a
consumption (Eg. (16)), with its three contributors (energy consumptit#sk/communication is split into two regions withy andty, being the

of tasks, communication, and voltage transitions) has to be minimiz&gecution times in mode witfiy; and fyz, respectively. Fig. 5(a) and

For all these energies both their dynamic and active leakage compon&ff3 indicate this transformation for an application with three tasks. In
are considered. The dynamic energy of tasks and communicationfg continuous scaling case, Fig. 5(a), each of the tasks executes at a
given by the following equations (derived from the equations discuss&ifigle voltage setting, i.e., the voltages are changed only between tasks.

Vompnin < Vowe < Veupa

in Section 5): In the discrete case, the voltage setting is changed during the task exe-
cution.Of course, the required time overhead for the mode change has
NGy - S¢- Cetf, - Vg, ifteeT to be considered as well, i.¢+ tg; +tg2 + 8, wheret is the task execu-
E ZN m&] 'S«Crep'dedK if Tx € K on repeaters tion time with continuous voltage setting. Please note that the discrete
dync = NB

] -S¢-Crat-Vad, -Vew,  if Tk € K on fat wires (inter) voltage swing in the case of fat wire-based buses is determined by the
]-s¢-Crar-V2 if T, € % on fat wires (extern) discrete settings for the drivers and receivers, i.e., for each setting of
s S 25) these components there exists a corresponding voltage swing. In gen-

where Crep = Cg + Cy + Cg and Cyat = Cari + Cuw + Crec are the to- eral, executing activities in two performance modes leads to close to
tal capacitances that have to be charged by bus implementation eifffima! discrete voltage scaling [15]. Furthermore, restricting the ex-
repeater-based or fat wire-based, respectively. Further, in the case offAffion to two settings avoids unnecessary intra-task transitions which
wire implementations we have to distinguish between the chip-intern@tS€ energy and time overheads. Having determined the discrete per-
chip-extern generation of the voltage swing. formance mode settings, the inter-task transition overheads are reduced
The leakage power dissipation of processors and repeater-baddegeordering the mode sequence of each task. From a task execution
buses are given by, point of view, mode reordering does not have any effect. That is, if a
' certain task requires 600 cycles to execute, then it is equivalent to first
Ejeak = Lg(K3-Vaq, - gfaVaac . s Vose 14, Vbs |) -t (26) execute 100 cycles at a lower voltage and then 500 at a higher voltage,
or to first execute 500 cycles at a higher voltage and then 100 cycles
and for fat wire-based buses we need to additionally account for thiea lower voltage. We reorder the modes in such a way that a task
leakage in the receiver (see Eq. (12) and (14)), which is given by,  starts execution with its execution in the lower (higher) performance
mode if the preceding tasks on the same component finishes execution
Ereak, = (Priieq T Preaa) -tk (27) " in the lower (higher) performance mode. This is outlined in Fig. 5(c).
The energy overhead due to voltage transitions between two activilli%i? worthwhile to mention that this reprdering only affech the ordgr ir.]
running on the same component is given by Eq. (4) and (15). which the volpages are altered, that is, the codt_a executhn orgler |n_S|de
The minimization has to comply to the following relations and cor[—he task remains unchanged. While this reordering techn!que is optimal
straints. The task execution time has to be equivalent to the numbe o(;fcompor;ent.sﬂ:r:z;t offer two perfo(rjman’(\:le mot(rj]els, this 'Sant truet fotr d
clock cycles of the task multiplied by the circuit cycle time for a partic2o™ PONENtS With threée of more modes. Nevertneless, as demonstrate
Eléy our experiments, this heuristic is fast and efficient. Of course, the

ularVyq andVyg setting, as expressed by the first line of Eq. (17). T ” S :
communication time is computed in the second line of Eq. (17) froﬁgdl'gﬁgglsslﬁzlIpmduced as aresults of the reduced transition times is

the number of bits, bus width and the bus cycle time. The time overheégt?
due to voltage transitions on a processor is captured by Eqg. (5) and (15). .

We have to express the following precedence relations: Ataskn ]75 EXpe”mental Results

only start its execution after all its predecessors tagksave finished To validate the applicability of the presented techniques, we have car-
their execution (the sum of a tasks start tibyeand its execution time ried out several experiments using numerous generated benchmarks as
tx), see Eqg. (18). In addition, for two consecutive tasks on the sanvell as a realistic GSM voice transcoder example. The automatically
component, the start time of the later tagkan only begin after its pre- generated benchmarks consist of 120 task graphs containing between
decessors on the same component has finished execDijent) and 50 and 300 tasks, which are mapped and scheduled onto architectures
the mode transition has been carried @yt }, see Eq. (19). The sum of composed of 2 to 5 processors, interconnected via 1 to 4 buses either
a tasks start timBy and its execution timg, which is its finishing time, implemented repeater-based or fat wire-based. In the continuous volt-
has to respect the task deadlihl, see Eq. (20). Task start times andage scaling case the processor voltage paiig.\bs) are varied be-
communication start times must be positive (Eq. (21)). The imposegeen (0.6,—1)V and (1.8,0)V, while the discrete voltage levels are
voltage ranges should be respected (Eq. (22), (23), and (24)). It shaujd= {(1.8,0),(1.4,—0.2),(0.8,—0.6),(0.6,—1)}. The voltage ranges

be noted that the objective (Eg. (16)) as well as the task execution tinfi@srepeater-based systems are identical to the possible processor volt-
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Figure 5. Performance mode reordering
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Figure 6. Optimization Results of different Implementations

age settings. For the fat wire-based buses the continuous voltage swingVy,s continuous voltage scaling scheme on the buses as well as on
values can be set betweer2@nd ¥/, and for the discrete case it canthe processors (plot 3). We can also observe that the energy efficiency is
be adjusted ton, = 0.2,0.3,0.4,0.6,1V. The technology dependent pa-increased by approx. 12% if combined voltage scaling is applied on the
rameters of these processors and buses were considered to corredpamifference between plot 2 and 3). Generally, the combiggend
to a CMOS fabrication process in ®®, for which the leakage power V5 scaling yields higher energy saving (around 30%) tharVgaeonly
represents approximately 50% of the total power consumed. For exmealing (difference between plot 1 and’2)Since all plots in Fig. 6(a)
imental purpose the amount of deadline slack in each benchmark wesresent the results for continuous voltage scaling, it is interesting to
varied over a range 0 to 100%, using a 10% increment. Furthermore, tloge that the proposed heuristic for discrete voltage scaling (Section 6.2)
amount of communication within the generated benchmarks was varéhieves results that are within 4% of the values obtained at continuous
between 10 to 50% of the total execution time, with an increment wbltage levels. This difference is only partially due to the suboptimal
10%. Overall, these experiments resulted in 2400 performed evalnature of the heuristic, but mainly due to the fact that, by definition,
tions, carried out with the aim to achieve representative average valdisgrete voltages cannot achieve the same energy savings then continu-
(based on normalized energy value of each evaluated task graph). ous ones. It is important to note that the efficiency difference of about
12% on average, between implementations with and without bus voltage
The first set of experiments was conducted with the aim to invesealing is preserved also when discrete voltage levels are used.
t[igate the energy savings that are achiev_able when dynamically scal-ln the second set of experiments, shown in Fig. 6(b), we investigate
ing the supply voltage as well as body bias voltage of bus repeatggs, ,-hievable energy savings on a fat wire-based bus system, assum-
The 32b|t-W|d_e pus arcthecture under consideration consisted of 27ing'the same bus-width as in the repeater based approach. However, fat
peaters per bit-line of which each has a total length o#im The ca- \ireq are considered to be suitable only for short distance connections.
pacitance of single wire including the repeaters was estimate@@B,7 |, e following we consider a length ofmwith a single line capac-
using the power optimized data from [2]. Fig. 6(a) shows the outcomgs, e 60gF. Similarly to the previous experiments, the plots 1 and 2
of three system conflguratl_ons for (_jlf'ferent amqunts of SySte_m_Sla%present systems in which only the processing elements are séaled (
All plots have been nor'mallzed against the nominal energy dlss[patmy for plot 1 and combinedyy andVis for plot 2), while the third plot
of unscaled systems with repeater-based buses. The first plot givesfit ates systems in which the buses are voltage scaled in teivg,of
energy consumption for systems in which the repeaters’ voltages gre gy, As expected, the fully voltage scalable systems, achieve
kept fixed, while the supply voltage (but not the body-bias voltage) e pest energy savings, with reductions between 4% to 18% compared
the processors is dynamically _scaled. Thg secon_d plot represents_at%ygystems with fixed bus voltages. Again, applying the heuristic for
tem in which the repeater settings are still kept fixed, while combinggh - e(e yoltage scaling shows that results comparable to the continuous
Vyg andVps scaling is applied to the processors. The third plot indicates
the systems in which the repeater-based bus as W(.a" as the_ proceb:'Uislease note that energy savings are achieved even at zero deadline slack.
are scaled by changiniq anc_IVbS' Please n.ote.that Fig. 6(a) gives therhis means that according to the given schedule, the task set finishes on deadline
energy values for systems with a communication amount of 30%, COffken executed at the highest voltage. However, even in this case, due to the
pared to the total execution time. Inspecting the graphs reveals thati@that the application executes on a multiprocessor system, initial slack (idle
highest energy savings are achieved by considering the comYjjaed processor time) is available in the system and can be exploited by voltage scaling.




case (within 4%) can be achieved. Please note that we do not try to iatensive computing systems.
vocate here neither repeater-based nor fat wire-based approaches and to .
show that one is better than the other, but rather we use our experiméhts Conclusions
to validate the applicability of voltage scaling for both approaches. We have proposed a new technique for combined voltage scaling of pro-
general it can be said that both approaches have their own nichedessors and communication links, which reduces the dynamic and leak-
which they are most suitable — repeaters for lengthly connections age power consumption. This is achieved by scaling the supply and
to the cross-sectional die distance, and fat wires for short distance doody bias voltage of processors as well as repeater-based buses. Fur-
nections. At this point it is also interesting to note that the optimizatiadhermore, in the case of fat wire-based buses, energy efficiency is ob-
times for the individual applications with up to 300 tasks were belowtained by additionally scaling the voltage swing. For this purpose, we
minute, using the MOSEK optimization software [1] on a 2GHz AMDhave used a set of accurate delay and energy models. By applying the
Athlon PC. introduced technique to numerous examples, including a realistic GSM

Experimental experience has shown that with an increasing amocotiec, we have demonstrated that bus voltage scaling can achieve up
of communication data, the bus voltage scaling approach achievestini6% higher energy savings when compared to fixed voltage bus sys-
creasingly higher energy reductions. If, for example, the time requirgsns.
for communications is around 15% of the total execution time, the en-
ergy savings due to bus voltage scaling are around 10%. With comn%eferences
nication time around 30%, the energy savings become around 16%. [1] MOSEK optimization software. http://www.mosek.com.
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