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Abstract— We propose an adaptive scalable architecture suitable for
performing real-time algorithm-specific tasks. The architecture is based
on Globally Asynchronous and Locally Synchronous (GALS) design
paradigm. We demonstrate that for different real-time commercial
applications with algorithm-specific jobs like online transaction process-
ing, Fourier transform etc., the proposed architecture allows dynamic
load-balancing and adaptive inter-task voltage scaling. The architecture
can also detect process-shifts for the individual processing units and
determine their appropriate operating conditions. Simulation results for
two representative applications show that for a random job distribution,
we obtain up to 67% improvement in MOPS/W (millions of operations
per second per watt) over a fully synchronous implementation.

I. INTRODUCTION

POWER dissipation is becoming a limiting factor in high-
performance system design as technology scales and device

integration level increases. Reduction in system power improves bat-
tery life in portable devices and also enhances the system reliability
and longevity [1]. Supply-voltage scaling is an effective technique
for reducing both dynamic and leakage power. Dynamic power is
proportional to f ·Cload ·V

2
DD, where f is the system clock frequency,

Cload is the effective load capacitance, and VDD is the supply volt-
age. Scaling the supply voltage requires a commensurate reduction
in clock frequency because signal propagation delays increase when
the supply voltage is scaled down. The maximum clock frequency at
which a transistor can operate is proportional to (VDD−VT )α

VDD
, where

VT is the transistor threshold voltage, and α is strongly dependent
on the mobility degradation of electrons in transistors (with typical
values between 1 and 2). Therefore, supply-voltage scaling can reduce
dynamic power in the order of V 2

DD and V 3
DD.

In recent times, Globally Asynchronous and Locally Synchronous
(GALS) design is being widely investigated as a viable alternative to
purely synchronous design [5] [6] [13], since it merges the advantages
of both synchronous and asynchronous design. GALS architectures
consist of a set of locally synchronous units operating at independent
clocks and communicating asynchronously among themselves. There
is no global clock, and thus, they are free from process-related
variation in global clock skew. Moreover, the absence of global timing
paths make them less vulnerable to delay failures due to parameter
variations. GALS architecture is also suitable for dynamic voltage
and frequency scaling (DVS) since individual processing elements
operate at independent clock domains. Standardized asynchronous
interfaces among clock domains in GALS systems, also offer the
advantage of easy reuse of IP cores with varying clock requirements
and operating frequencies [5].

The effectiveness of multiple clock domain implementation of
processors as an alternative to fully synchronous one is also under
investigation. Iyer et al. [5] presented a GALS-based superscalar
processor design and showed that it can reduce power dissipation
at the cost of performance. Magklis et al. [3] proposed a compiler-
based voltage and frequency-scaling technique, which targets multiple
clock-domain processors. Recently, Semeraro et al. [13] addressed
the issue of performance degradation in a GALS processor by hiding
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Fig. 1. Proposed GALS system architecture

synchronization latency. However, the above supply voltage scaling
techniques, implemented as either single or multiple clock domains,
target instruction set architectures (ISA) [4] only and do not address
architectures with algorithm-specific hardware as functional units.

In this paper, we propose a generic architectural framework
called GAARP (GALS Architecture for Algorithm-specific Real-time
Power-aware applications) suitable for real-time algorithm-specific
applications. The architecture allows dynamic voltage and frequency
scaling (DVFS) [12] at task-level granularity. It consists of a central
scheduling unit and a set of processing elements. Each processing unit
(PU) in GAARP is designed to perform one algorithm-specific task.
The scheduling unit performs inter-task voltage scheduling to meet
the real-time constraints on the jobs. Compared to the conventional
synchronous system, the proposed architecture has the following
major advantages:

• It can deliver the required performance at the expense of the
right amount of power. The framework allows computation of
jobs in such a way as to satisfy just-in-time power-performance
requirements of the system.

• It allows dynamic load-balancing by distributing load evenly
across processing elements and thus, improves throughput.

• The framework is amenable to self-calibration and adaptation to
inter/intra-die process variations or change in ambient conditions
(such as temperature or supply voltage).

We have developed a complete architecture-level simulation frame-
work for GAARP. Using the simulation framework, we have studied
behavior of the architecture by varying the number of processing
resources, job distribution, and scheduling policy. Simulation results
for two representative applications- Online Transaction Processing
(OLTP) and Fast Fourier Transform (FFT) computation show con-
siderable improvement in terms of power and performance over a
fully synchronous DVS system.
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II. OVERVIEW OF THE PROPOSED SYSTEM ARCHITECTURE

A. Framework

The proposed architecture is shown in Fig. 1. The scheduling unit
controls job allocation, voltage scaling, event management, and inter-
communication between two voltage domains. The scheduler and
each of the PUs have their independent clocks and supply voltage
regulators. The scheduler scales the operating voltage/frequency of
the PUs dynamically (within permissible limits) to satisfy the varying
job distributions or throughput/power requirements. It performs out-
of-order superscalar execution and exploits the inter-task parallelism
to improve throughput. The PUs implement specific algorithms (e.g.
FFT, filtering etc.) and typically consists of datapaths, control logic,
registers and local caches. A PU can be a custom hardware, a
processor core, a DSP or a FPGA block and can leverage the intra-
task parallelism to minimize latency of task execution.

The pipelined front-end of the architecture runs at a single clock,
named Fglobal. Incoming jobs are fetched and then tagged by a
unique identification number, that tracks all the floating jobs in the
system for correct completion and can be used for error recovery.
The tag table keeps record of all the floating jobs. The decode unit
extracts necessary information from the job used by the scheduler,
e.g. the time constraint, the account ID in case of a transaction. The
scheduler allocates the ready jobs to the free PUs and determines the
operating voltage for the allocated PUs. Data communication from the
scheduler to PUs occurs through network switches implemented as bi-
directional First-In-First-Out (FIFO) buffers. We assume that the data
communication lines are not shared. However, the architecture can
support a shared communication bus, that can save interconnection
area and cost but comes at an increased delay overhead. The architec-
ture has dedicated control lines for transferring control information
between the scheduler and a PU. To reduce the required number
of FIFO elements, inter-PU data communication is routed through
the scheduler as explained in section III-A.2. Once a job finishes
execution inside a PU, it generates a completion event signal and
sends it to the scheduling unit. The event resides in the event queue
of the scheduler, until it processes the event to update the allocation
table and the tag table. Information about the processed jobs is stored
in the off-chip central database. This information is used for future
references to the processed data.
B. Scheduling Unit

Principal components of the scheduler shown in Fig. 2 are: 1) a
ready queue (for temporarily storing jobs waiting to be executed) 2)
an allocation table (for maintaining the status of the PUs) 3) an event
queue (for storing events generated by the PUs) 4) voltage control
logic, and 5) scheduling logic. It operates in a three-stage pipeline.
The first stage brings in the tagged and decoded jobs into the ready
queue. The second stage updates the priority of the waiting jobs, as a
function of waiting time and completion time constraints and assigns
the jobs to the free PUs in descending order of priorities. In the last

———————————————————————————-
Scheduling Algorithm

(input: joblist from decoder, output: processed jobs)
———————————————————————————-

begin
1: if ready queue is empty then
2: exit scheduling
3: else J1, J2,......,Jn ← waiting jobs from ready queue
4: for each Ji ε ready queue do
5: slacki = compute job slack(Tconstrainti

, Twaiti
, Treqdi

)
6: (slacki = Tconstrainti

- (Twaiti
+ Treqdi

)

7: update job priority(slacki )
8: end for
9: end if

10: {Identify the list of free PUs PUis from allocation table}
11: if free-PU-list �= φ then
12: Ji ← fetch job with highest priority()
13: compute reqd voltage frequency (slack time) (Ji) as in eq.2 & eq.3
14: if homogeneous jobs and PUs then
15: PUi ← choose a free PU(Ji) /* voltage closest to Vreqdi

*/
16: else /* heterogeneous job and PUs */
17. if compatible PU PUj for Ji is free then
18. {assign Ji to PUj}

19. else if load-sharing can be done then
20: ICj ← check Inter-PU comm ohd for load-sharing(Ji )
21: ECj ← check expected time for PUj to be available(PUj )
22: if ICj < ECj then
23: {assign job Ji to another hetero. PU with same fncality}
24: else
25: do not schedule Ji

26: end if
27: end if
28: end if
29: if job is assigned then
30: {update ready queue, allocation table}
31: end if
32: end if
33: end if
end

———————————————————————————

stage of the pipeline, the scheduler processes all pending events in
the event queue, and updates the allocation table.

The scheduling unit in GAARP implements a scheduling algorithm
for both homogeneous PUs (where any job can be allocated to any
PU) and heterogeneous PUs (where a job can be allocated to a
particular PU only). The algorithm can be considered as a modified
LLF (Least Laxity First [8]) policy, since it selects jobs for allocation
based on their slacks [8]. The scheduler follows dynamic out-of-order
scheduling and performs inter-task voltage scaling. Allocation of a
job to a PU is non-preemptive, i.e. once a job is assigned, it is allowed
to complete, even if a high priority job is in the queue. The scheduler
updates the priority of the waiting jobs in ready queue based on their
waiting times and, thus, prevents the possibility of starvation. In the
next step, the scheduler finds the set of available PUs and assigns the
jobs to free PUs in descending order of priority i.e. in ascending order
of slacks of the jobs (eq.1). It determines the required voltage and
frequency for executing a job with the help the following equations:

slacki = Tconstrainti
− (Twaiti

+ Treqdi
) (1)

Freqdi
= min(Fmax, (

Treqdi

slacki + Treqdi

) · Fglobal) (2)

�Vreqdi
� ≥ min(Vmax,

Freqdi

Fglobal

· Vscheduler) (3)

Both required frequency and required voltage are limited by maxi-
mum and minimum specified bounds for a particular PU. For a job
with negative slack, the scheduler always chooses maximum possible
frequency of operation. To reduce voltage ramping overhead, the
scheduler chooses the PU whose current voltage is closest to the
required voltage from the list of available PUs. A representative
scheduling algorithm for the GAARP system is shown above.
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C. Mixed-Clock Inter-Communication

Stretchable-clock scheme [7] and mixed-clock FIFO [9] designs
are the most popular clocking schemes for GALS architectures.
In the clock-stretching scheme, handshaking between two clock
domains is managed by an arbiter by stretching one phase of both
clock domains for synchronization. The synchronization phase in
the stretchable clock scheme affects power and performance of both
processing domains. Since the scheduler and each of the PUs have
individual frequencies of operation, the performance in the stretchable
clock scheme is limited by the lowest operating frequency of the
communicating clock domains. To address this issue, we have used
the mixed-clock FIFO design [9] as network switches for efficient
data transfer among the PUs and the scheduling unit. The design
is based on a token-ring protocol and has low latency without
significant performance overhead. It is also robust with respect to
process variation. The control signals for data transfer between the
scheduler and a PU using mixed-clock FIFO element are generated
by the respective units.

III. PRINCIPAL ISSUES IN DESIGN OF A GAARP SYSTEM

A. Architecture-level Issues

1) Load balancing: The proposed architecture can distribute work-
load in a balanced manner among the PUs for both homogeneous
and heterogeneous processing elements. It reduces the chance of
a particular PU being the bottleneck in system performance and
provides increased throughput. The scheduler needs to consider inter-
PU data communication overhead in a load-balancing decision to
leverage the benefit of this scheme. Cache coherency [4] becomes a
critical issue with data sharing between PUs. This issue may arise
when two units simultaneously try to modify the same data record.
We implement a simple protocol (as discussed in III-A.2) to deal
with the problem of cache coherency.

2) Memory hierarchy: The proposed architecture can cater to
both memory-intensive applications (OLTP) and applications that
require few memory accesses (FFT). We have utilized a simple two-
level memory hierarchy, shown in Fig. 3, that can be appropriately
configured during system design phase for a target application. It
consists of a small, fast cache local to each processing element,
and a large central memory that is shared among all the PUs.
Individual caches residing inside each PU hold non-overlapping data
e.g. account records, which are frequently accessed and modified
by the owner PUs. The cache works like a write-back cache [4].
The shared memory can be designed on-chip or off-chip, depending
on required constraints on its size and access latency. Furthermore,
depending on the bandwidth requirement for the shared memory, we
can increase the number of read/write ports. Modified information in
the local cache and shared memory is written back to the central

database. The shared memory stores general rules of processing
that is utilized by all the PUs and is not unique to a particular
PU. For example, in case of an OLTP system, some policies like
service plan to all accounts based on a region/date are stored in
the shared memory. We ensure that there is no data coherence [10]
problem during inter-PU communications. In case of heterogeneous
computations, if one particular PU is allocated a task requiring data
transfer from another PU, the data is obtained from the respective
PU through the scheduler and the dirty bit for that record is set in
the owner PU. Once the computation on that record is done by the
other PU, the data is updated in the owner PU through the scheduler
and the dirty bit is cleared.

3) Scalability: GAARP offers easy scalability to accommodate
larger work-load and to improve throughput. Improvement in through-
put obtained by increasing the number of functional units (as shown
in section VI-B) depends on the job distribution, limitation of the
scheduler etc. We use a scheduler issue-width equal to one (one job
can be fetched and decoded in a cycle), which can be increased by
replicating the pipelined front-end. We can also increase the ready
queue size and tag table size to increase the number of floating tasks,
although it gives little boost in performance beyond a threshold size.
Since all inter-PU communications are directed via the scheduler (as
described in section III-A.1), for each additional PU added to the
system, we need to incorporate just one dedicated bi-directional FIFO
(between the scheduler and the PU). It minimizes the overhead of
scaling the system.

B. Circuit-level Issues

1) Choice of supply voltages: The number of supply voltages to
choose from will largely depend on a processing complexity of tasks
in a particular application. To change the clock speed automatically
with VDD, we need to vary VDD to the clock-generating PLL (Phase
Locked Loop), whose settling time is on the order of 10 ∼ 100µs [11]
[6]. Varying the supply to the PLL helps us achieve supply voltage
at any level and generate the corresponding frequency. It is, however,
not suitable for applications where job execution time is in the order
of the PLL settling time. For these applications, we propose to use
a simple counter as a frequency divider, as opposed to varying the
clock’s PLL to divide the frequency by a factor that is not an integer
[12]. The PLL always runs at V H

DD. A frequency divider allows to
tune the frequency in few stages at multiples of 1/2, 1/4 etc. We can
use Hspice simulation to determine corresponding supply voltage to
these frequencies.

2) Rate of change of supply voltages: Burd et al. [2] demonstrated
that static CMOS is well-suited for continued operation during
voltage transitions, and that dynamic logic-styles can also be used
as long as two conditions are satisfied: a) VDD ramps down by less
than a diode drop VBE during an evaluation phase of dynamic logic
(eq.4), and b) VDD ramps up by less than VTP (the threshold voltage
of PMOS transistors) during the evaluation phase of dynamic logic
(eq.5).

dVDD

dt
≥

−VBE

Tclk

2

(4)

dVDD

dt
≥

VTP

Tclk

2

(5)

For the TSMC 0.18 µm technology and a 1 GHz clock, the
dVDD/dt limit is about 0.2V/ns. We use a more conservative
dVDD/dt rate of 0.05V/ns, for our experiments. Hence, switching
between V H

DD = 1.8V and V L
DD = 1.2V costs 12 clock cycles. We

model the effect of voltage switching to calculate power consumption
in the proposed architecture. Fig. 4 shows the supply voltage plot for
two processing elements in GAARP. It shows the ramp-up and ramp-
down period for shifting supply voltage during execution of several
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jobs. Once a supply voltage is taken to a state, it remains there during
the idle cycles, until the next job is scheduled in the PU.

3) Level conversion on the path from V L
DD to V H

DD: The GAARP
scheduling unit keeps operating at V H

DD, irrespective of the operating
voltage of the PUs. Level-converting latches are needed when driving
V H

DD blocks with V L
DD blocks (driving V L

DD blocks with V H
DD

blocks does not need converters). Hence, we do not need any level
converters for propagating job records from scheduler to the PUs.
However, load-balancing may require inter-communication between
PUs through the scheduler. There are two conditions when we
need level conversion: i) before data processing i.e. when the PU
containing the record is running at a lower voltage than the scheduler
voltage (maximum) and the scheduler requests it for the data, ii) after
data processing i.e. when the destination PU is at a lower voltage than
the scheduler and it needs to send the data back to the scheduler.

IV. SELF-CALIBRATION AND ADAPTATION TO PARAMETER

VARIATIONS

System performance varies significantly with inter-die and intra-
die process variation. Inter-die process variation causes systematic
variation, affecting the maximum operating frequency of all PUs uni-
formly, while intra-die variation can move the operating condition of
different PUs by different margins. The proposed framework allows
automatic detection of both inter- and intra-die process fluctuations.
Once the scheduler recognizes the optimum operating conditions
for individual processing elements (in terms of supply voltage and
frequency), it can dynamically adapt to the process-shift.

The calibration can be performed by selecting two homogeneous
PUs at a time as shown in Fig. 5. We assume that each type of
PU has a minimum of two identical units. The Test-Mode signal
triggers the system in self-calibration mode. A comparator is attached
to the output of the processing elements. The scheduler can determine
the lowest possible voltage for each PU, by dispatching the same
job to two similar units and comparing the result, where one of the
units acts as a reference unit. To find a reference unit, the scheduler
selects two units and applies the nominal voltage to both of them for
which they are designed and continues altering the supply voltage
for both of them until the computation results match. Once the same
output is obtained from both units, one of them can be taken as a
reference for characterizing the other units for the lowest voltage
of correct operation. The optimum frequency and voltage for each
of the processing elements determined are stored in a table inside
the scheduler (Fig. 5), which is subsequently used by the voltage
controller during allocation.

Delay variation with ambient parameters such as temperature
requires the ability of the circuit to dynamically calibrate for the
varying delay and adapt supply voltage accordingly. The calibration
can be performed in the way described above. The Test-Mode signal
can be generated from an ambient sensor, that monitors change in

PU N

Scheduling

controller
PU voltage

Unit
Optimum

Table
voltage/freq.

Test−Mode

Voltage control signal

logic
O/P comparison

Data bus

PU 1 PU 2

Vdd2/f2 Vddn/fnVdd1/f1

���� ��

Fig. 5. Scheme to adapt to delay variation due to process parameter
fluctuations or change in ambient conditions

ambient condition such as temperature. If the impact of process shift
causes random variations (due to within-die parameter deviations),
operating frequencies of processing elements may move by different
margins, possibly in different directions. For a fully synchronous
system, the operating frequency has to be set for the worst-case
delay variation among all the PUs. On the contrary, the proposed
architecture can vary the frequency of individual clock domains
independent of the others to accommodate within-die variations.
Hence, a GAARP system is expected to provide better throughput
than a fully synchronous system in presence of within-die delay
variations.

V. SIMULATION FRAMEWORK

Since standard simulation infrastructure for GALS systems are
not available, we have developed a parameterized architecture-level
simulator for GAARP. The simulator is partly cycle-based and partly
event-driven, and models the globally asynchronous and locally
synchronous nature of system operation. Simulation of activity inside
the pipelined synchronous front-end (Fig. 1), and in the PUs are im-
plemented with a cycle-based model. Asynchronous communications
through the mixed-clock FIFOs are implemented with an event-based
model. We have also implemented a simulator for a fully synchronous
system running on a single global clock and single voltage source.
It uses the same job distribution and same configuration parameters.
It performs inter-task voltage scheduling dynamically similar to the
scheduling algorithm described in section II-B. The most important
difference from the GALS mode of operation is that, now the voltages
of all PUs change together uniformly. Hence, if a particular job
requires to operate a PU at a higher voltage than the current one,
it needs to wait for the other PUs to complete their jobs, which
affects the system throughput and the number of jobs completed in
real time.

A. Configuration Parameters and Job Records

The system configuration file used as input to the simulator
contains important parameters like the issue-width for the front-end,
which determines how many tasks are fetched and decoded per global
clock cycle; size of ready queue, tag table and event queue; number
of PUs and their operating voltage/frequency; intercommunication
delay overhead etc. To generate the incoming jobs, we have used
two types of random distributions for the arrival times of the jobs: a)
Uniform random distribution, b) Poisson distribution. Each job record
consists of four primary fields: job size, arrival time, completion-time
constraint, and data values.

B. Power Model

The power dissipation of GAARP is evaluated using a derived
version of Wattch [14] power models for 0.18µm technology. We
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have used the switched capacitance models for ALUs, arrays, and
buses of Wattch with some modifications for computation of energy
statistics. However, for the delay and power estimates of mixed-clock
FIFO intercommunication, we have designed and simulated a 4-cell
8-bit FIFO in Hspice using TSMC 0.18 µm technology models. We
have simulated clock power using switched capacitance model of
clock-grids. In the synchronous mode, global clock-grid power is
added to the local clock-grid power within each PU.

VI. SIMULATION RESULTS

In this section, we present the power and performance results
obtained from GAARP simulation framework for the representative
systems. We performed several experiments on each system with
varying job distributions and system configurations. The power
and performance statistics are obtained by running a set of 1000
randomly-generated jobs/events. We have used 32 KB (256 KB)
local cache size of the PUs for the FFT (OLTP) application with
access latency of 1 (2) clock cycles. We used a 32-bit data bus for
both applications. We have considered 100,000 user accounts and
1000 event-processing rules as the base database for a typical OLTP
environment. Jobs are allocated to different PUs according to the user
IDs stored in them. For FFT, the job size varies from 4-point to 32-
point FFT. We assume, all PUs can perform a FFT computation of
any size.

We have run the simulator in three different modes of operation,
as described below:

• Norm (normal) mode: It is the normal GALS operating mode.
The supply voltage and the clock speed of a PU are changed
based on the real-time constraint on the job. Events are allocated
according to their priority to any available PU (in case of
homogeneous PUs) or to an available PU, which has appropriate
configuration to process it.

• Load-bal (load-balanced) mode: It is applicable to architectures
with heterogeneous PUs. Events are allocated according to
the current workload of the PUs such that processing loads
are evenly distributed. Load-bal mode may require inter-PU
communications to share local data e.g. account record and
scheduler accounts for the data communication overhead during
job allocation.

• Sync (synchronous) mode: The whole system runs at a single
global frequency namely, that of the scheduling unit, which
we refer as the system frequency. The system employs DVFS
scheme.

A. Comparison between Norm and Sync mode under different job
distributions

The system throughput (jobs per millisecond) increases substan-
tially in Norm mode for both applications as shown in Fig. 6. Here,
Dist1 and Dist2 represent the situation where jobs arrive in the system
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with a mean Poisson interval of 50 and 100 cycles, respectively. Dist3
represents a uniform-random job arrival rate with maximum interval
of 100 cycles. The mapped FFT application in Fig. 6(b) shows a
much larger increase in system throughput than the mapped OLTP
system in Fig. 6(a), since FFT has tighter real-time constraints and
longer average completion time for the jobs. The GAARP system
is conducive to DVFS in this environment, since it scales voltages
for the PUs separately, while synchronous PUs need to scale voltage
globally. Since we perform inter-task DVFS, in Sync mode, a ready
job requiring higher operating voltage than the current system voltage
needs to wait for the current jobs to complete execution. This
affects the overall throughput of the synchronous system. A similar
throughput improvement trend in all three different job distributions
shows that the benefits of our proposed scheme is independent of
job arrival distribution. However, the % of improvements is a strong
function of the job distribution. Fig. 7 plots the number of jobs
completed within the real-time constraint with varying number of
PUs for the OLTP system. For all configurations, the Norm mode
shows considerable improvement in real-time completion over the
Sync mode. The improvement, however, degrades with increasing
number of PU resources, since more number of PUs means less
average load on them and less requirement of aggressive voltage
scaling.

B. Impact of varying number of PUs

Fig. 8 shows that the system throughput improves non-linearly with
increase in number of PUs for all job distributions in both systems.
For a given job distribution, each system can be characterized with
an optimum number of PUs, beyond which increase in the number
of PUs does not reflect considerably in system performance.

C. System behavior under load-balancing

Fig. 9 shows the trend where the system throughput is consistently
higher in the Load-bal mode compared to the Norm mode, for
different number of resources since jobs do not wait for a particular
highly-loaded resource. Clearly, resource utilization in case of Load-
bal mode is much higher than the normal or the fully synchronous
modes as evident from Fig. 10.
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Fig. 9. Comparison of system throughput between
Norm and Load-bal modes for OLTP system
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Fig. 11. Normalized power consumption for the
OLTP system in different operating modes

TABLE I
TOTAL POWER CONSUMED BY THE PUS IN NORMAL MODE AS A

PERCENTAGE OF POWER IN SYNCHRONOUS MODE

# of PU OLTP FFT

4 127.65% 285.28%
8 122.25% 265.85%

12 100.50% 228.05%

D. Power dissipation

Fig. 11 demonstrates the efficiency of GAARP systems in terms
of power than the corresponding synchronous system, in both Norm
and Load-bal mode for three different resource configurations. In a
synchronous system, jobs may sometimes need to operate at a much
higher voltage than required to meet the time constraint, since some
other PU(s) may be already running at a high voltage. The average
number of times voltage needs to be ramped in a PU is higher in case
of GAARP, but it is easily amortized by the total saving in power.

Jobs have more slack in Load-bal mode (since it reduces average
waiting time of the jobs) and require less aggressive voltage scaling
than normal mode. By increasing the number of PUs, we can achieve
similar effect as load-balancing, since it also reduces the average
waiting time of the jobs and hence saves power as shown in Fig. 11.
Similar to the throughput trend (Fig. 7), improvement is negligible
beyond a certain number of PUs(6 PUs in Fig. 11). Also the power
consumed by the PUs only and the system power (PU power plus
front-end power), may show different trends in Norm and Sync modes.
PU power in Norm mode is usually higher since the average voltage
of operation in this mode is higher than Sync mode (to accommodate
for the higher throughput in Norm mode). The amount of extra
power consumed by the PUs in Norm mode over a fully synchronous
implementation for a varying number of PUs is shown in Table
I. GAARP consumes less system power because the synchronous
system remains active for more time period to complete a set of
jobs. However, large percentage of system power can be saved by
efficient clock-gating techniques [1].

We can observe from Fig. 6 and Table I, that we obtain noticeable
improvement in throughput for GAARP systems, at the expense
of extra power dissipation in the PUs. Because a GAARP system
adaptively makes trade-off between power and performance based-
on processing requirements, we should use a combined metric for
comparing the effectiveness of the GAARP system with a syn-
chronous system. We use Millions of Operations Per Second per
Watt (MOPS/W) as another metric of comparison. It gives us an idea
about how efficiently system resources can be utilized to produce
the required performance with the dissipation of the right amount
of power. The metric can be compared with power delay product
(PDP) in a circuit. We plot this metric for both systems with
different number of PUs in Fig. 12. The plot shows that we get more
throughput in Norm mode per unit power for both OLTP and FFT
systems, which shows the effectiveness of the proposed architecture
in power-aware applications.
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Fig. 12. Comparison of system performance in terms of thousands jobs
per second per mW (MOPS/W) in Sync and Norm mode of operations for
different number of PUs - (a) OLTP; (b) FFT

VII. CONCLUSIONS

We have proposed a generic architecture based on globally
asynchronous and locally synchronous design paradigm, which is
amenable to dynamic voltage and frequency scaling. The architecture
is effective in delivering the expected performance at the expense of
right amount of power by adaptively scaling voltage/frequency at
task-level granularity. Moreover, we have shown, for homogeneous
processing elements, the architecture can calibrate and adapt itself
to inter-die and intra-die process variation or delay variation due
to change in ambient condition e.g. temperature. GAARP is, hence,
useful for scaled process technologies.
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