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Energy and Reliability Improvement of
Voltage-Based, Clustered, Coarse-Grain

Reconfigurable Architectures by
Employing Quality-Aware Mapping
Hassan Afzali-Kusha , Omid Akbari, Mehdi Kamal , and Massoud Pedram

Abstract— An energy–quality scalable coarse grain reconfig-
urable architecture (CGRA) based on the voltage overscaling
(VOS) technique is presented. The approximation level of each
processing element (PE) in the CGRA is determined by the
applied VOS-determined voltage level. By employing the tech-
nique, the architecture may be configured for accurate or approx-
imate modes of computation depending on a user-specified output
quality-of-service target for a given application. More precisely,
operating voltages used for performing various operations in
the application dataflow graph are minimized subject to the
output quality constraint by using an energy–quality tradeoff
algorithm. To make the hardware implementation of the scheme
more efficient, PEs are clustered into groups of (e.g., 3 × 1 and
2 × 1) voltage islands. To assess the efficacy of the proposed
method in improving the power (energy) consumption and
reliability of CGRAs, different combinations of minimum output
quality constraints, voltage levels, and cluster sizes for several
benchmarks are studied. Simulation results indicate considerable
reductions in energy consumption (up to 43%) and aging rate
(up to 73%) when compared with the conventional CGRA with
perfect output quality (i.e., with no approximate computations).

Index Terms— Coarse grain reconfigurable architecture
(CGRA), approximate computing (AC), voltage clustering,
voltage overscaling (VOS), aging rate reduction, energy consump-
tion lowering.

I. INTRODUCTION

THE Coarse Grain Reconfigurable Architecture (CGRA)
consists of an array of a large number of functional

units (FUs) or processing elements (PEs) interconnected by a
mesh network. It is a hardware platform which performance
may be optimized (reconfigured) for different applications.
Using careful scheduling and mapping, CGRA can achieve a
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computational efficiency close to that of a custom hardware
architecture [1]. While lacking the fine reconfigurability
of FPGAs, their incorporation of arithmetic units enables
CGRAs to run compute-intensive applications efficiently both
in terms of computation speed and energy consumption.
CGRAs have short reconfiguration times, high performance,
and low power consumption since they admit standard cell
implementations [2].

The efficiency of the CGRA fabrics may be further
improved by using approximate computing (AC) [3], which
is an effective technique of trading off energy/power con-
sumption or processing speed for computational accuracy [4].
The computation approximation can be made at different
levels of abstractions including algorithm, data, or hardware.
AC is possible for applications where some computational
inaccuracy, tends to lower the output quality, can be tolerated
by the end user of the application. Fortunately, there are many
applications where some degree of output quality degradation
may be tolerated. Examples image and video applications,
recognition, and classification [4].

There are different ways of achieving AC, such as, simpli-
fying the target hardware, reducing width of the data path,
ignoring lower significant bits of operands, and performing
voltage overscaling (VOS). In the VOS technique, the operat-
ing voltage is scaled down without lowering the corresponding
operating frequency. Since the critical path delay of the circuit
with this over-scaled voltage becomes larger than the operating
clock period (including its guard-band), some setup time
violation errors may occur at the output of the circuit. The
number of output errors is a function of the difference between
the overscaled voltage and the nominal voltage (assumed to
be a safe voltage level for the desired computational speed).
An erroneous output may be perceived as an approximate
result and hence, the circuit level of accuracy (alternatively,
the approximation level) may be dynamically adapted at run-
time [5]. This technique for AC has the additional advantage
of not requiring the redesign of the circuit hardware to achieve
perfect computation, that is, a 100% output quality (errorless
output) may be achieved by simply applying the specified
nominal voltage level. Yet, another significant advantage of the
VOS technique is its considerable improvement of the circuit
lifetime/reliability, which is a serious concern particularly in
highly scaled state-of-the-art technologies [6].
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There are several aging mechanisms which among them
Biased Temperature Instability (BTI) is one of the important
mechanisms in the current CMOS technologies [7]. The BTI
causes a threshold voltage (VT H ) shift, adversely affecting the
transistors’ ON currents, which in turn result in path delay
increases over time. The rate of the VT H degradation is a
strong function of the supply voltage applied to transistors.
This strong dependence motivates the use of VOS technique
for the AC with the additional benefit of improving the circuit
lifetime/reliability.

In this work, we utilize the VOS technique in the CGRA
platform. Whenever no quality deterioration can be tolerated,
all PEs of the CGRAs operate at the nominal voltage level
whereas when some output quality reduction can be endured,
lower voltages may be applied to some of the PEs. For a
given output quality, the required accuracy (and hence required
operating voltage) for different PEs are determined. To reduce
the cost of realizing the VOS technique in hardware, only a
few discrete voltage levels are assumed. To further optimize
the implementation of the technique, we suggest the use of
voltage-based clustering of the PEs. A careful mapping of
the data flow graph (DFG) nodes (operations) to PE clusters
(voltage islands) leads us to higher energy reductions.
Therefore, we present an integer linear programming (ILP)
formulation for quality-aware mapping to improve the
energy/lifetime of the CGRA by accepting quality loss.

The rest of the paper is organized as follows. In Section II,
some background concepts are reviewed. In Section III, the
related work is briefly reviewed. Section IV, which includes a
motivational example, presents the proposed architecture. The
proposed mapping and quality aware VOS assigning scheme
determining the voltage level of each PE are explained in
Section V. The results are discussed in Section VI while the
paper is concluded in Section VII.

II. BACKGROUND

In this section, first, we briefly review the CGRA, volt-
age dependences of the power/energy consumption, and then
discuss the bias temperature instability as one of the main
aging mechanisms in the state-of-the-art digital CMOS design
technologies.

A. Coarse Grain Reconfigurable Architecture (CGRA)

A typical CGRA consists of a 2-D mesh array of processing
elements (PEs), host controller, context memory, and data
memory [8]. The processing elements (PEs) or function units
(FUs) (used interchangeably here) can execute common word-
level operations, including addition, subtraction, and multipli-
cation. Every PE is formed by an arithmetic logic unit (ALU),
a local register file, and an output register. The ALUs can
provide multiple logic and arithmetic operations determined by
the configuration context data. Here, for the sake of simplicity,
we have assumed that each ALU component only consists
of an adder and a multiplier. For each specific application,
the algorithm (computations) changes, and hence, the context
data configures the CGRA accordingly. The configuration may
be optimized for power, speed, and/or lifetime.

The CGRA is connected to the host CPU through the
host controller which is connected to the data and context
memory used for storing the configuration information. The
architecture is symmetric where each PE is connected to
its neighbors. Also, the register files are employed to hold
temporary data. Schedulers assign an FU and time to every
operation in the program DFG where the operand values
should be routed between producing and consuming FUs.
Since dedicated routing resources are not provided, an FU
either serves as a compute resource or as a routing resource at
a given time. A compiler scheduler manages the computation
and flow of operands across the array to effectively map
applications onto CGRAs [2].

B. Voltage Dependences of Power/Energy Components

To remind the dependence of power (energy) consump-
tions, here, we present analytical expressions for the power
consumptions of the circuit. The expression containing the
dynamic (switching) and leakage power components is given
as [9]

P = Pswitching + Pleak = α · Ce f f v
2 f + ηθ2e

( −qVth
nkθ

)
(1)

where the α is the activity of the system, f is the operating
frequency, v is the operating voltage, θ is the temperature,
Ce f f , η, n, q , and kθ are technology- and circuit-dependent
parameters. To be complete, the short circuit power also should
be added to the above expression. The expression is obtained
from [10]

Pshortcircuit = β

12
(v − 2Vth)3 τ

T
(2)

where β denotes the conductivity of the transistor per power
voltage in the linear region, T is the input rise/fall time, and
τ is the gate delay. These equations show the strong depen-
dency of the power (energy) consumption to the operating
voltage level.

C. Bias Temperature Instability

The bias temperature instability affects both NMOS and
PMOS transistors by generating the interface traps at the
Si/SiO2 interface [11]. Based on the wafer-level extended
Measure-Stress-Measure (eMSM) measurement on sub-20nm
FinFET technology nodes [12] the long-term aging-induced
shift of the threshold voltage incorporating both stress and
relaxation phases, is fitted by a power law given by [13]

�Vth,N BT I ∼= Ae− κ
θ tα Eγ

O X d f β (3)

where A, κ , α, β, and γ are technology and power-law
fitting parameters (whose values are given in Table I), t is
the total stress time (s), θ is the temperature in degree
Kelvin (°K), dfis the duty factor of the stress signal, and
EO X = (VD D − Vth) /TI N V is the electric field across the
gate oxide (where TI N V is the thickness of gate inversion
layer) [12]. The power-law fitting is consistent with the exist-
ing aging Bias Temperature Instability (BTI) models, such as
the Reaction-Diffusion mode [12]. This relation demonstrates
the strong voltage dependence of the threshold voltage shift
(aging) on the supply voltage.
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TABLE I

THE VALUES OF PARAMETERS USED IN II-C FOR CALCULATING
THE NBTI THRESHOLD VOLTAGE DRIFT [12]

III. RELATED WORK

In this section, some of the work related to use of the voltage
over-scaling (VOS) (and voltage islanding) for reducing the
power consumption, Approximate CGRAs, and CGRA life-
time improvement are briefly reviewed.

A. Power Reduction Techniques Based on VOS

In [14], by shaping the quality-energy trade off, the VOS
technique was used to significantly improve the energy-
efficiency. The efficiency of the technique was evaluated by
applying it to the adder component in the architecture used
for running the inverse discrete cosine transform (IDCT)
benchmark.

In the instruction set architecture (ISA)-extended design
of [5], a processor had a dual-voltage register file and two
arithmetic logic units (ALUs), one was supplied by a high
supply voltage level for exact computations and the other
with a low supply voltage for approximate computations.
Chippa et al. [15] proposed a new design methodology with
the name of scalable effort hardware design. The notion
of scalable effort was embodied in to the design process
at different levels of abstractions. It involved identifying
mechanisms at each level that can be used to change the
computational effort expended to generate accurate results
and using these mechanisms as the control knobs to trade-off
between the accuracy and energy-efficiency.

A micro-architecture named Lazy Pipeline was suggested
in [16]. In this architecture, the VOS approximate technique
was utilized to improve the power efficiency. To reduce the
timing errors of the approximated Functional Units (FUs),
this microarchitecture employed vacant cycles in a VOS
functional unit to extend execution and reduce the error rate.
Ragavan et al. [17] proposed approximated operators based
on the VOS technique for error-resilient applications. The
energy efficiency and accuracy of the approximated operators
were characterized using three knobs of the supply voltage,
body biasing, and clock frequency to create models for the
approximate operators (different adder designs). The statisti-
cal behavior models of the adders were used to obtain the
optimum point in the energy efficiency and error margin
characteristic.

In [18], techniques for designing the kernel of the error-
resilient application, which can tolerate more scaling under
the VOS technique, were discussed. Because this explanation

has too many details which can be found in its reference and
we have the space limitation, we can omit this.

There are several works on detecting and correcting the
timing errors originating from VOS FUs. As an example,
in [19], Razor was suggested as a technique for detecting and
correcting timing errors in a VOS circuit. Lazy Pipeline micro-
architecture is orthogonal to Razor and could be combined
with it to reduce the number of cases where an operation needs
to be repeated due to a timing error.

Recently, the use of an accuracy-aware operating voltage
management unit for improving the lifetime using aggressive
voltage scaling during the runtime of error-resilient applica-
tions was suggested [6]. The unit determines the operating
voltage of the processor based on the type of the running
application and the predefined minimum acceptable quality
resulting in lifetime/reliability and power improvement at the
cost of tolerable accuracy loss. There are several other works
which have used the VOS technique using the similar of error
detection/correction or error reduction hardware solution to
reduce the quality degradation of the output. The review of
these works is omitted for the sake of space.

B. Operation Level Approximation and Voltage Islanding

A different approximation-based approach works on sim-
plifying the computations need to be performed for an oper-
ation leading to shortening the critical path delay of the
function. This provides the possibility of voltage downscaling
without violating the simplified circuit critical path delay.
The downscaled voltage would have violated the critical path
delay of the original circuit for the exact operation. For
example, Lee et al. [20] achieved this type of operation-
level approximation by bit rounding and more aggressive
operation elimination. In [21], the use of approximate com-
puting techniques at different abstraction levels was discussed.
At the software level, pruning the source code based on
the profiling was suggested. At the register transfer level,
the authors proposed internal signal substitution (variable to
variable (V2V) and variable to constant (V2C)) as well as
bit-level optimization. At the high-level synthesis (HLS)-level,
employing different approximated adders and multipliers was
considered. Lee et al. [22] suggested the similar idea of
using different approximate types for each operation DFG
while making sure that the output quality constraint of the
application is met. Downscaled voltages were applied to the
operations for approximate operations without causing any
timing error.

The use of voltage islands for improving the effi-
ciency of multi-level voltages in the approximate comput-
ing also has been considered in the literature. For example,
Zervakis et al. [23] introduced an approximate accelerators
synthesis framework that enabled the usage of approximate
techniques at different levels (multi-level) of algorithm, circuit,
and logic level.

C. CGRA Lifetime Improvement

The only two works which have focused on improving the
lifetime of CGRAs are those of [8] and [24]. In [24], the initial
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TABLE II

A COMPARISON BETWEEN THE PROPOSED WORK AND SOME OTHERS IN THE AREAS OF CGRA,
APPROXIMATE COMPUTING, AND VOLTAGE OVERSCALING

idea of using VOS in CGRAs considering five voltage levels
was proposed by our group. Only two benchmarks of 4th order
polynomial evaluation and 8-tap FIR filter were studied. In [8],
a joint stress-aware loop mapping method for helping design-
ers to select the optimized mapping with the minimal stress on
the PEs was suggested. This is performed in the early phase of
the CGRA mapping. Their stress effort optimization had two
objectives of reducing the maximum accumulated stress on the
PEs and providing more balanced stress distribution on the PEs
of the CGRAs. For their first aim, they introduced a stress-
aware Force-Directed scheduling method (sFDS) to schedule
operations at different time slots. A rapid MCC (Maximal
Compatibility Classes) search method [25] was used to find
the optimal maps which had the lowest maximum stresses
and distributing more operations on more PEs. A multi-map
scheduling technique which used the dynamic reconfigurabil-
ity feature of the CGRAs was used in their method.

D. Summary

Table II compares our work to some prior ones in the areas
of CGRA, approximate computing, and voltage overscaling.
It includes the parameters/features of ability to support approx-
imate computing, lifetime improvement, energy reduction,
accuracy configurability, runtime accuracy configurability, and
runtime accuracy configurability resolution. In this work,
the use of VOS approximate technique for improving the
lifetime/reliability as well as reducing the energy/power con-
sumption of CGRAs based on voltage islanding is proposed
for the first time. This provides a platform in which a trade-
off between output accuracy (quality) level from one side
and energy/power consumption and lifetime/reliability from
the other side may be performed while an exact computation
(100% accuracy level) is also an option.

Among the previous works, only [3] and [24] focus on
presenting accuracy configurable (approximate and exact
mode computing) CGRA structures. Compared to the work
of [3], more specifically, our proposed method provides
lifetime improvement while the structure suggested in [3]
mainly concentrates on energy/power reduction. In addition,
our method supports different accuracy qualities with more
resolution levels. Also, in comparison to [24], this work
proposes the use of VOS in a CGRA considering the actual
mapping, different voltage island sizes, and different voltage
levels where four benchmarks are studied.

IV. PROPOSED ARCHITECTURE

In the conventional CGRA architectures, full supply
voltage (VD D) is used for all the PEs (as well as other
blocks) and hardware modules perform exact computations.
As discussed above, one may use approximate FUs to make
the CGRA an approximate one (see, e.g., [3]) or even use
accuracy-configurable PEs to provide both approximate
and exact computing modes (see, e.g., [3]). In this work,
we suggest an accuracy-configurable CGRA technique, which
makes use of exact hardware modules while selectively using
the VOS technique to switch to approximate computations.
Obviously since the accuracy is a function of the PE operating
voltage, to minimize the overhead of using the dynamic scaling
of PE voltages (dynamic accuracy configuration), we suggest
using clustering of the PEs in voltage islands. Before we
explain the proposed architecture further, we discuss a
motivational example which demonstrates the use of the VOS
technique for reducing the energy consumption and lowering
the aging rate (improving the lifetime) of the CGRA when
running an application. For the rest of the section, first,
we provide a motivational example and then present the
details of the proposed CGRA architecture.
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Fig. 1. Mapping of an eight-tap FIR filter DFG on a 6 × 6 CGRA for a) 90%, b) 80%, c) 70%, d) 60%, and e) 50% quality.

A. Motivational Example

Consider an 8-tap finite impulse response (FIR) filter bench-
mark, which DFG is shown in Fig. 3. The results of mapping
this DFG using the proposed algorithm (which will be dis-
cussed in a next section) on a 6 × 6 CGRA for different
output qualities are depicted in Fig. 1. For the perfect output
quality, all PEs are connected to full VD D. Let us suppose that
an output quality of 50% may be tolerated by the application
using this filter. For this level of quality reduction, one may
apply the five voltage levels of 600, 650, 700, 750, and 800 mV
to the PEs as shown in Fig. 1e. Also, one voltage switch box
is used for each 2 × 1 voltage island.

Given the allowed reduced output quality, we can use
lower operating voltages for the FUs by utilizing an opti-
mization approach which, for example, has as its objective
the minimization of the sum of all PE operating voltages.
This application requires that 15 PEs become involved in the
calculation. For the accurate calculation where full operating
voltage of 800mV is applied, the average VD D of PEs is
800mV. In the case of tolerable reduced quality of 50%,
the average VD D of the PEs becomes 680mV which is 15%
lower than that of the exact case. Now, given the fact that
the dynamic and leakage power components as well as life-
time/reliability degradation mechanisms depend super-linearly
(even exponentially in some cases) on the operating voltage,
the reduction would lead to a significant improvement for
the lifetime/reliability. Also, with this voltage reduction, the
CGRA dissipates 27% less energy.

B. Proposed CGRA Architecture

The general architecture of the proposed CGRA, which
has two major differences with the conventional CGRAs,
is depicted in Fig. 2. The first major difference is availability of
two separate operating voltages, one for the I/O and the other
for the core of the PEs. The former could be the nominal
voltage of the technology. The input for the switch power
boxes, realized by MOSFET switches, are different VOS
voltage levels and the output of these switch power boxes are
the core voltages of the voltage islands. Using a single power
switch box for each PE provides us with the flexibility of
assigning any voltage level to any PE. This obviously increases
the efficiency of the proposed CGRA core architecture in terms
of energy consumption and lifetime/reliability improvements.

Fig. 2. The overall architecture of proposed CGRA.

Fig. 3. Data flow graph of 8-tap FIR filter [26].

It, however, has the disadvantage of increasing area and power
overheads and voltage level routing complexity.

In our suggested technique, by clustering the PEs to, e.g.,
2 × 1 and 1 × 3, the overheads and complexity are reduced.
While, in this work, we considered the same sizes for the
islands, in general the sizes could be different. The importance
of using as few number of voltage levels as possible in multiple
supply voltage systems for having a less complex (overhead)
power network has been emphasized in some other works
(e.g., [27]–[29]). Moreover, specifically in [28], it is stated that
placing blocks with the same voltage together saves power
routing resources, simplifies power planning, and reduce IR
drop. Also, in [29], a layout plan where modules with same
voltage are placed together for reducing the complexity of the
power network is recommended. The power supply rails are
routed using the top interconnect layers, where the thickness,
width and pitch of these wires are larger than the wires
in the lower layers. These voltages are connected to the
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Fig. 4. The proposed architecture of each process element (PE).

supply contacts of the transistors using several via electrical
connections which brings down the voltage level from the
higher layers down to the contact. The vias, however, consume
areas lowering the chip wiring efficiency which may cause
some chip area increase. As an example, in [30], it has been
shown that employing dual supply voltage leads to 15% area
increase. Obviously, the larger is the number of the vias,
the higher is the via blockage. [31] states that the via blockage
can be up to 50% on metal 1 layer. The model in [31] has
been used in the literature for calculating the impact of the
via blockage on lowering the wiring efficiency of the chip
(see, e.g., [32]). Since in the proposed structure, each island
requires only one supply voltage level, instead of one set of
vias for each PE, one set is required for connecting the proper
voltage level to all the PEs in the same island. Therefore, it
may be concluded that the number of via sets and, hence, via
blockage are inversely proportional to the sizes of the islands.

The proposed CGRA structure works based on determining
the required minimum accuracy of each DFG node for satis-
fying the output quality constraint. Then, the node is mapped
on a PE whose voltage level is determined by the accuracy
of the node. In mapping a node on a PE, the clustering of
the nodes based on voltage islands are performed such that
the objective function is optimized. In this work, four voltage
island sizes of 2 × 1 (two rows by one column), 1 × 3 (one
row by three columns), 2 × 2 (two rows by two columns)
3 × 2 (three rows by two columns) are considered.

The internal structure of each PE and the ALU and I/O
voltage domains (VC and VI/O , respectively) are shown in
Fig. 4. For this work, PEs are considered to comprise of a

32-bit Carry Look Ahead adder and a 16-bit Dadda multiplier.
The operating voltage of the said ALU (consists of one adder
and one multiplier) was determined by the core voltage.
The output of the ALU is connected to a 32-bit register
level-converter (consisting of level-converter flip-flops [33]).
The inputs of the register level converter are in the VC voltage
domain whereas the output of this register is in the I/O voltage
domain. For connecting the PE to its neighboring PEs, there
are two 5 to 1 multiplexers for the input of the ALUs of the
PEs and one 1 to 5 demultiplexer for sending the output of the
PEs to its four (up, down, left, right) neighbors or the output
bus. All of these multiplexers and demultiplexers and the
bus connections work based on VI/O . The core voltage level
for each voltage island is determined by the host processor
from a LUT which has the mapping for the DFG operations
and the corresponding voltage levels for each island. Due
to possibility of long idle times (e.g., no operation mapped
to the PE), to alleviate the energy dissipation, power gating
switches on Vc and VI O of each PE is considered.

V. MAPPING FORMULATION

For the optimum voltage level setting and mapping an
application to the accuracy-configurable CGRA, we formulate
the determination of the accuracy level of each DFG node
(and the voltage level of the PE that will be performing that
operation) and the physical mapping of the DFG nodes to
specific PEs on the CGRA fabric as an optimization problem.
In the proposed formulation, all nodes mapped on a set of
PEs in an island have the same operating voltage level. The
scheduling and binding are two NP-complete problems [34].
For this purpose, a set of linear constraints, which will be
explained in the following subsections, are included in the
optimization framework.

A. Accuracy Levels of Nodes

As mentioned before, in the proposed architecture,
the degree of inaccuracy of each PE is set based on its applied
operating voltage. In the proposed formulation, a mapping
between the output accuracy constraint and the operating
voltage levels of the operations are established. The output
error of a DFG is a linear combination of the operation
errors [35]. Hence, the output error is determined based on the
amount of the generated error by each approximate operation
reaching to the output of the DFG. The error distribution of
each operation in a DFG is independent from those of other
operations unless both operations have the same input data
and same hardware implementation.

The error propagations show strong structural correlation
which should be used to model the output error [35]. In the
work of [35], for obtaining the output error, an error sensitivity
parameter (ES) was introduced. The error sensitivity shows the
impact of the accuracy of a node on the output when the other
nodes are precise. Hence, the error sensitivity of the i th node
(denoted by E Si,o) was defined as E Si,o = εi,o

εi
where εi,o

and εi were the error distance of the DFG output and the i th

node, when only the i th node was in the approximate operating
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mode. Based on this error sensitivity, the variance of the output
(denoted by v (εo)) was obtained from [35]

v (εo) =
∑

i∈{DFG Nodes}
E S2

i,o · v(εi ) (4)

where v(εi ) was the output variance of the i th node. Now,
by considering the variance as the error metric and employ-
ing (4), one may formulate the problem of determining the
operating voltage level of the DFG nodes under the predefined
expected variance (minimum quality) denoted by vE X P .

Based on the above definitions, for formulating the accuracy
level determination, we consider a binary variable (xi, j ). When
the j th operating voltage level (where 1 ≤ j ≤ L; L is the
number of the considered voltage levels) is considered for the
i th DFG node, xi, j = 1. Hence, the output expected quality
constraint is defined by

∑
∀i∈{DFG Nodes}

L∑
j=1

E S2
i, j,o · v (

εi, j
) · xi, j < vE X P (5)

where E Si, j,o(εi, j ) shows the error sensitivity (error distance)
of the i th node in the j th operating voltage level. The values
of εi, j and E Si, j,o are obtained before the mapping process.

B. Mapping of the Nodes on PEs

In the considered CGRA, each PE is connected to all four
neighbors (except the ones placed in the borders). There-
fore, the mapping constraint should guarantee that each two
adjacent nodes in DFG, are neighbors in the CGRA. By
considering a binary variable (bi,r ) for showing the mapping
of the i th DFG node on the r th PE, the mapping process may
be formulated as

∀i∈{DFG Nodes},r∈{CG R A P Es}⎛
⎝ ∑

i ′∈{adjecents of ith node}

∑

r ′∈{adjecents of rthPE}
(
bi ′,r ′

)≥bi,r ×Ei

⎞
⎠

(6)

where Ei is the degree of the i th DFG node. In (6), when
bi,r is one, all the adjacent nodes of i th DFG node must be
mapped onto Ei neighbors of r th PE. In addition, to map each
node on only one PE, the following formula should be used.

∀i∈{DFG Nodes}

⎛
⎝ ∑

r∈{CG R A P Es}
bi,r = 1

⎞
⎠ (7)

Note that since the output of each PE in the considered
CGRA structure is connected to only four neighbors, when
the fanout of a DFG node is larger than four, the fanout
could be reduced by inserting NOP (no operation) nodes (other
approaches may be taken as well).

C. Guaranteeing the Same Voltage Level for the
Nodes in an Island

In the optimization formulation, for each island, the pos-
sible mapping of Q nodes (Q is the number of the PEs in
each island) on Q PEs should satisfy the condition of the

same voltage level. Therefore, for each possible mapping for
an island, under each operating voltage level (e.g., the j th

voltage level), we propose to employ the set of the following
inequalities:

∀(i,r)∈{possible mapping of Q Nodes on Q P Es}
(
w j

≤ 1 − bi,r + xi, j
)

(8)

Here, w j in (8) is a binary variable that is 1 if the chosen
operating voltage level index for all the mapped nodes on the
PEs of the island is j . The possible mapping of I nodes on Q
PEs is equal to Q-permutation of I . Now, (8) should be defined
for all the voltage levels and in at least one operating voltage
level, the w should be one. Hence, the following inequality
should be employed to meet this constraint:

L∑
j=1

w j ≥ 1 (9)

Note that the set of (8) and (9) should be described for each
voltage island of the CGRA.

D. Objective Function

The goal of this optimization problem is to reduce the
operating voltage levels of the nodes improving the energy
consumption and lifetime/reliability of the CGRA. Here,
we consider the constraint of minimizing the summation of
the voltage levels of the DFG nodes as the objective function
as

∑
i∈{DG F Nodes}

∑
j∈{V oltage Levels}

V DD j × α × xi, j (10)

where V DD j indicates the corresponding operating voltage
level of the j th operating voltage level index and α is the
weight coefficient. In this work, we consider the weight value
of 0.8 (1) for the case of adder (multiplier). The reason
for considering a larger value for the multiplier is its more
suffering from the aging mechanisms compared to that of the
adder [8].

Now, by employing VI as the objective function, and
inequalities (5) to (9) as the constraints, the mapping process
on the proposed CGRA can be formulated. Note that in the
mapping process for an application in the CGRA, we may end
up with idle nodes or the nodes operating with lower voltages
experiencing different voltage threshold drifts by the PEs. This
provides us with the possibility of remapping of the DFG on
the CGRA during the lifetime to distribute the stress more
uniformly for prolonging the lifetime even further.

VI. RESULTS AND DISCUSSION

A. Simulation Setup

To assess the efficacy of the proposed CGRA structure,
6 × 6 CGRAs with 2 × 1, 1 × 3, 2 × 2 and 3 × 2 voltage
islands have been considered. For each CGRA, we have
evaluated the VOS method under two (600mV and 800mV),
three (600mV, 700mV and 800mV) and five (600mV, 650mV,
700mV, 750mV, and 800mV) different operating voltage
levels. The nominal voltage was 800mV.
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TABLE III

THE NUMBERS OF THE TOTAL NODES AND EACH
OPERATION TYPE FOR EACH BENCHMARK

For extracting the design parameters of the PEs, the com-
ponents of the PEs were described by the Verilog HDL,
and synthesized using Synopsys Design Compiler using a
15nm technology file [36]. For extracting the impact of the
voltage scaling on the design parameters, we have charac-
terized the 15-nm technology file by employing the Cadence
Encounter Library Characterization under the considered oper-
ating voltage levels. Therefore, the design parameters have
been extracted by Synopsys Design Compiler under these
characterized technology libraries.

In this work, without loss of generality, it has been assumed
that the arithmetic unit of each PE contained one adder
(32-bit CLA) and one multiplier (16-bit Dadda). For extracting
the output quality degradation due to the VOS, the post-
synthesis gate-level of these two components were simulated
by ModelSim HDL simulator. The timing information of the
gates in these simulations for each operating voltage level
was extracted by Synopsys Design Complier. The accuracy of
the arithmetic operations was obtained by injecting many ran-
domly generated input operands. Also, in the studied CGRA
architectures, one and three cycles considered for the add
and multiply operations, respectively, when considering the
same clock frequency at the considered voltage levels. The
clock frequency was obtained such that that the PEs of the
CGRA did not have any output error at the nominal (800mV)
operating voltage level.

To explore the effectiveness of the proposed method,
four benchmarks from different application domains were
considered. The benchmarks set included 8-Tap FIR
filter, 8 × 8 Matrix Multiplication (MMM), Smoothing
filter (with 3 × 3 filter) (SMT), and Sharpening filter
(with 3 × 3 filter) (SHP). These applications contain only the
add and multiply operations. The details of the number of the
operations in each application have been reported in Table III.

For mapping these applications on the CGRAs,
we employed the mapping approach proposed in Section V
where the ILP formulations was described by the python
language and solved by Gurobi LP solver [37]. In these
studies, five different output quality (approximation) levels,
90%, 80%, 70%, 60%, and 50% have been studied.

B. Results

1) Energy Reduction: The results for the energy reduction
of the CGRA under two cases of 2 × 1 and 1 × 3 volt-
age islands for different benchmarks and quality constraints
compared to that of the CGRA operating at the nominal
operating voltage level (no quality loss) have been presented

Fig. 5. The energy reduction of different benchmarks under different quality
constraints mapped on CGRA with (a) 2 × 1 and (b) 1 × 3 voltage islands
in the case of considering five voltage levels has been considered.

in Fig. 5. This CGRA architecture which was used in this
study is a common basic CGRA architecture utilized in
some other recent works (see, e.g., [8], [38], [39]). Since the
main idea of this paper has been on proposing voltage over-
scaling (VOS) and voltage islanding schemes for improving
the reliability/lifetime and energy improvements of CGRAs,
we considered the basic CGRA architecture for the study.
Without any limitation, the idea may be well applied to other
CGRA architectures (which there exist a few of them) where
the amounts of improvements may be different for different
CGRA architectures.

As the results show, lowering the minimum acceptable
output quality causes more energy reduction. In the
case of 2 × 1 voltage island (Fig. 5(a)), the FIR and
MMM benchmarks enjoyed from more energy reductions
(∼1.9× and 2×, respectively) by reducing the minimum
acceptable quality from 90% to 50% compared to the cases
of the SMT and SMP benchmarks (∼1.2× and ∼1.3×,
respectively). From these results, less sensitivities of these
two image processing applications to imprecise computing
may be concluded. Hence, for a given specified minimum
output quality, these applications may be assigned lower
operating voltages for their PEs. The reductions in the
energies originate from being able to assign lower operating
voltages to some PEs determined by their acceptable levels
of the inaccuracy. Obviously, the operating voltage reduction
could be more in the case of the considered image processing
applications. To demonstrate this, as an example, the operating
voltage levels of the PEs for the minimum acceptance quality
of 90% have been indicated for the two cases of MMM and
SMT applications in Fig. 6.

As the reported energy gains in Fig. 5(a) reveal, the
maximum gains belonged to the SMT benchmarks (from 37%
to 43%), while the FIR benchmark had the lowest gains (from
14% to 27%). For the studied benchmarks, the average of
the energy gains was from 24% to 35% when the acceptable
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Fig. 6. Mapping of a) MMM b) SMT benchmarks on a 6 × 6 CGRA under
the minimum quality of 90%.

TABLE IV

ENERGY REDUCTION (%) OF DIFFERENT BENCHMARKS UNDER

DIFFERENT MINIMUM OUTPUT QUALITIES, VOLTAGE ISLAND

SIZES AND OPERATING VOLTAGE RESOLUTIONS

minimum output quality reduced from 90% to 50%. The
results in Fig. 5(b), reveals that the energy reductions in the
case of 1×3 voltage island are almost the same as those in the
case of 2 × 1 voltage island. Since both voltage island sizes
provide about the same energy reductions, the 1×3 islands are
preferred thanks to the reduced overhead (see subsection IV.B).
It should be mentioned that both power and area overheads of
the power switch boxes themselves are (negligibly) small. The
fact that the same power reduction gains were achieved was
due to using a 6×6 CGRA platform which had more PEs than
the number of operations required for the application DFGs.
Of course, unused PEs should be power gated to prevent any
leakage power consumption.

For the results presented in Fig. 5, five operating voltage
levels for PEs were considered. To reduce the overhead of
generating and distributing the operating voltage levels, a few
number of levels may be used. Reducing the voltage levels
diminishes the flexibility of using different approximation
levels for the PEs limiting the opportunity to lower the energy

Fig. 7. The decrease of the energy reduction in the case of 1 × 3 voltage
island when the number of operating voltage levels is lowered from five to two.

consumption for a given output quality. To study the impact,
we studied the energy reduction gain of the proposed approach
by considering the cases of two and three voltage levels as
well. All the energy reductions are compared to the reference
case of applying the nominal voltage to all the PEs (100%
output quality). The results, which are reported in Table IV
show that in the two cases of the FIR and MMM benchmarks,
the energy reduction gains have been affected more. This has
been demonstrated further in Fig. 7 comparing the loss of the
energy reduction when the number of operating voltages levels
decreases from five to two. In the worst case, when the min-
imum tolerable output quality was 90%, no energy reduction
was possible for the FIR and MMM benchmarks. This means
that even if we set the voltage for one of the islands below the
nominal voltage, the output quality becomes below 90%. For
lower acceptable minimum output qualities, however, there is a
chance for using islands with lower operating voltages. As the
results show, for all benchmarks, decreasing the minimum
output quality below 90%, provided us with some energy
reductions. As expected, the gain is proportional to the amount
of quality reduction. In addition, the results indicate that,
by increasing the island size, the energy improvements for
the cases of 2 × 2 and 3 × 2 compared to the those of the
cases of 1 × 3 and 2 × 1 for most of the benchmarks and
qualities, have reduced. For example, by increasing the island
size from 2 × 1 to 3 × 2, on average (maximum) 4% (15%)
reduction in the energy improvement is achieved.

Finally, we notice that decreasing the voltage levels from
five to three for the considered benchmarks does not yield
considerable loss of the energy reduction of the VOS technique
while we may reduce the associated overheads (e.g., two less
switches).

2) Lifetime/Reliability Improvement: First, it should be
mentioned that the reliability degradation of a circuit, in a
general sense, for most of associated mechanisms, is a strong
function of the operating voltage (see, e.g., [6]). Here, we have
only concentrated on NBTI-induced threshold voltage change
as a measure of the CGRA aging. The results which are
for the cases of the 2 × 1 and 1 × 3 voltage islands for
different minimum output qualities are plotted in Fig. 8.
To obtain the threshold voltage change (�Vth,N BT I ), (3) was
used. As the results reveal, the VOS approximate computing
technique leads to reducing the aging effect when some output
quality degradation is acceptable. The lower the tolerable
output quality is, the lesser the threshold voltage change rate
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Fig. 8. The threshold voltage change rate reduction for different benchmarks
for different minimum acceptable qualities and five operating voltage levels
in the case of (a) 2 × 1 (b) 1 × 3 voltage islands.

Fig. 9. Decrease of the aging rate improvement in the case of 1 × 3 voltage
island when the number of operating voltage levels is lowered from five to two.

will be. In the considered benchmarks, the highest improve-
ment belonged to the SMT benchmark which the Vth change
rate reduction was improved from 63% to 73% in the case
of 1 × 3 voltage island. This is a direct consequence of
using lower operating voltage levels for the PEs in the case
of this benchmark. Also, the aging rate reductions for FIR,
MMM, and SHP were from 27% to 49%, 29% to 54%,
and 55% to 70%, respectively. The average of the aging rate
reductions was about 62% (44%) when the minimum output
quality constraint was 50% (90%). This is the one of the key
advantages of using the proposed VOS approximate computing
technique.

As was observed in the previous subsection, having fewer
operating voltage levels, lowers the opportunity for using
overscaled operating voltages for the PEs for a given minimum
output quality. Similar to the case of the energy reduction gain,
this lowers the aging rate improvement opportunity. As an
example, Fig. 9 shows the decrease in the aging rate reduction
trend versus the minimum output quality when the number of
operating voltage levels changes from 5 to 2.

Table V shows the aging rate reduction of different
benchmarks for different minimum output qualities, voltage
island sizes, and operating voltage resolutions. As the

TABLE V

AGING RATE REDUCTION (%) OF DIFFERENT BENCHMARKS FOR
DIFFERENT MINIMUM OUTPUT QUALITIES, VOLTAGE ISLAND

SIZES AND OPERATING VOLTAGE RESOLUTIONS

results show, for most of the benchmarks and qualities, the
3 × 2 voltage island has the lowest aging rate reduction.
For qualities below 70%, however, in some benchmarks,
the 2 × 2 island case has the minimum aging rate reduction.
By increasing the island size from 2 × 1 to 3 × 2, a maximum
of 14% decrease in the aging rate was obtained. In addition,
the figures indicate that decreasing the minimum output
quality improves the aging rate reduction.

3) Folding Approach for Reliability Improvement: In addi-
tion to reducing the operating voltage, here, we consider two
cases for further improving the lifetime by redistributing the
impact of aging mechanisms on the PEs. These cases deal with
exchanging the operations (stresses) on PEs. Before explaining
these cases, consider the CGRA with 2 × 1 islands shown
in Fig. 10(a) with a folding line in the middle. If some PEs
in one side of the folding line have, e.g., lower voltages (or
power-gated), every once a while, their operations (state) may
be exchanged with the PEs in the other side which suffer
from (more) aging rate. This would allow for more uniform
aging rate distributions of the PEs reducing the aging rate of
the CGRA. For instance, in this CGRA, the pairs of PE1 and
PE4 (PE5 and PE8) are candidates for the exchange process.
Of course, their neighbors also should be exchanged such that
the overall optimized mapping is not affected considerably
(see the figure).

Now, let us describe the cases in a general form. In the first
case, there is an active PE in one side while there is another
idle (power-gated) PE placed symmetrically with respect to
the folding line in the other side. By moving the operation of
the active PE (with the assigned operating voltage level) to
the idle PE, the delay drift of the active PE is reduced. In this
case, both PEs will be under stress for the half of the lifetime
duration. In the second case, there is two active PEs with two
different operating voltages. Exchanging them as well as their
corresponding neighbors with their related roles with the other
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Fig. 10. Folding a 4 × 4 array of PEs with respect to a (a) vertical,
(b) horizontal, and (c) diagonal folding lines passing through the middle of
the array.

side lead to a more balanced aging rate for both sides which
improves the CGRA lifetime.

The exchange cases (remapping) described above has some
energy and runtime overheads, and hence, should be performed
every once a while depending on the application in hand. Also,
the efficacy strongly depends on the number of used and idle
PEs and the assigned voltage levels to the islands. In this
work, the mapping/re-mapping and scheduling processes for
every application and given minimum output quality are
performed in the offline phase (statically). The results of
the mapping/re-mapping process are the context words which
are utilized for programming the CGRA in different runtime
slots (invocations). Proper context words, which are stored
in the context memory, are loaded in the context registers
used for configuring the PEs. On the other hand, since the
folding process is simple having an overhead similar to the
reconfiguration of the PEs, it is performed online.

The place of the folding line and the exchange direction
should not change the adjacency of the PEs to considerably
lower the overhead of the mapping process. This way only
the direction of the neighbors in the context word of the PEs
is changed. Also, it should be mentioned that there might be
cases such as high minimum acceptable qualities and the use
of most of the PEs of the CGRA where no room will be left for
optimizing the lifetime further using this technique. As shown
in Fig. 10, three possible folding lines could be considered
including vertical (Fig. 10(a)), horizontal (Fig. 10(b)), and
diagonal (Fig. 10(c)). In the case of the diagonal folding, due
to passing of the line through the middle of some the PEs,
their operations are not exchanged with other PEs. Also, there

Fig. 11. The increase in aging rate reduction (%) for all the benchmarks
under different minimum output qualities in the case of five voltage levels
and (a) 2 × 1, (b) 1 × 3 voltage islands.

is another possible diagonal folding line passing from top-right
to bottom-left which is not shown here.

Since each PE uses more than one operating voltage, for
predicting the BTI impact, (3) might not be used. In this
case, for modeling the voltage threshold drift of the PMOS
transistor, we have used the model proposed in [40] given by

�Vth = (A
1
a
1 �t1 + · · · + A

1
a
n �tn)

a

(11)

where �tk shows the amount time that the transistor in the
kth voltage level, a is equal to 0.173 in the case of NBTI, and
Ak is the technology parameter, which extracted from (1) and
defined by

Ak ∼= Ae− κ
θ Eγ

O X d f β (12)

Here, the EO X is an operating voltage dependent parameter,
used for considering the operating voltage reduction impact
on the lifetime of the system.

In Fig. 11, the improvement of the aging rate reduction
for all the benchmarks for different minimum output qualities
in the case of five voltage levels and 1 × 3 and 2 × 1
voltage islands have been presented. In these figure,
H, V, and D stand for horizontal, vertical, and diagonal folding
lines, respectively. For each benchmark and quality constraint
pair, the gain for the case of the folding line resulting in highest
improvement was selected. As the results indicate, the pro-
posed folding approach could lead to about 30% improvement
in the aging rate reduction in the case of the considered
benchmarks. Also, by reducing the minimum output quality,
the efficiency of the proposed enhancement approach in some
cases decreases. This may be attributed to the fact that when
the minimum output quality decreases, the assigned voltages
to more PEs are reduced limiting the gain of the exchange
process. The results show that the proposed folding approach
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TABLE VI

AGING RATE REDUCTION IMPROVEMENT (%) USING THE FOLDING TECHNIQUE FOR DIFFERENT BENCHMARKS, DIFFERENT MINIMUM OUTPUT
QUALITIES, VOLTAGE ISLAND SIZES, AND OPERATING VOLTAGE RESOLUTIONS (IMP: IMPROVEMENT, DIR: FOLDING DIRECTION)

provided, on average, 49.5% (15.5%) and 65% (6.2%) aging
rate reduction (aging rate reduction improvement) in the cases
of 90% and 50% minimum output quality constraint. In the
case of the FIR benchmark for the quality of 70% when
the voltage island size of 1 × 3 was used, the improvement
of the folding approach was zero. Since the folding impact
strongly depends on the bindings of the nodes to the PEs,
there is no clear dependence between the aging rate reduction
improvement and the voltage island size increase.

The impact of having different number of operating voltage
levels on the efficiency of the folding process also was studied.
The results which have been reported in Table VI contain
the aging rate reduction improvement for different minimum
output qualities and voltage island sizes with and without
using the folding scheme. As the results show, by exploiting
the folding approach, in almost all the cases, the aging
rate reduction of the proposed structure has been improved.
It should be mentioned that even in the cases where there
was not any aging rate reduction when the folding approach
was not used (e.g., the FIR benchmark for the minimum
output quality of 90% when two voltage levels were used),
the folding reduces the aging rate. Given the fact that without
folding, improvement was zero yielding infinity improvement
(meaningless) and hence NA notation has been used for these
cases in the table. Also, the proposed folding approach resulted
in larger improvement in the case of two operating voltages.
This may be attributed to the large difference between the
operating voltage levels in the case of two operating voltage
levels. On average, improvements of 12% and 34% were
achieved in the cases of three and two operating voltage levels,
respectively.

In Table VII, we have compared the improvements of the
works suggested here and the work of [3] compared to those
of the conventional exact CGRA for the benchmarks. In the

TABLE VII

THE IMPROVEMENTS OF THE PROPOSED METHOD AND THE
ONE SUGGESTED IN [3] COMPARED TO THOSE OF THE

CONVENTIONAL EXACT CGRA

case of the [3], we have considered only the minimum output
quality level of 90% while for the proposed structure in
this work, the results for an additional minimum accuracy
level of 50% have been included. In addition to the power
reduction, the table contains the lifetime improvement due
to the reduction of the electric field (supply voltage) for the
proposed approach. The results were obtained considering five
voltage levels. For the case of 90%, in our approach, we
cannot lower the voltages of most of the PEs much due to the
fact that the MSBs are also affected by reducing the voltage
considerably. This lowers the power improvement compared
to that of [3]. Finally, the table contains the area overheads of
both approaches where for the proposed method in this paper
is negligibly low.
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4) Overheads of the Proposed Structure: In our structure,
there are, e.g., up to three additional control signals (for up
to five voltage levels) which selects from the voltages that
should be applied to each island. The values of the voltage
control signals (determined beforehand for a given accuracy
level) along with other controlling signals are stored in the
context memory and are routed to the CGRA structure through
proper interconnect layers. Obviously, the signal values are
different in different invocations of the CGRA structure.
Since the additional signals form a small fraction of all
the signals, the overhead would be negligible. Similarly, the
area and power overheads for the additional switch power
boxes in the case of 2 × 1 voltage island supporting five
operating voltage levels (800mV, 750mV, 700mV, 650mV,
and 600mV) in the 15nm technology were estimated to be
about 0.2% and 0.0003%, respectively. These overheads were
extracted based on the power consumption and the delay of
PEs obtained by synthesizing the PE using Synopsys Design
Complier. By using the dynamic power consumption of the PE,
the overall capacitance of the PE was estimated. In addition,
by employing the obtained total power consumption of the
PE for each VOS voltage level, the current flowing through
the PE was determined. Using this current and the saturation
current of a PMOS switch for one fin, the number of the
fins required for each PMOS switch was determined. Next,
to reduce the timing overhead of the switching of the VOS
voltage, we assumed a larger number of the fins such that
the switching would occur in one cycle (∼490 ps). Then,
the number of the fins was increased proportional to the
number of the PEs inside the island. The power overhead also
included the leakage powers of the PMOS switches in the
OFF state.

In the mapping process, which is performed offline, the volt-
age levels of the islands for a given constraint as well as
the mapping of the DFG nodes on the PEs are determined.
The information is loaded in the context memory for the
use in the runtime. The island for each PE is predetermined
which along with its context word (used for configuring
the PE) would configure the PE fully. The information would
be loaded in the context memory when the system starts.
In the runtime, based on the required configuration of the PE,
the corresponding context words is loaded from the context
memory to the context register. The latency of loading the
context words, depends on the bandwidth between the context
memory and the CGRA. The process means that no additional
energy or latency for the mapping process is induced in the
proposed approximate CGRA structure compared to that of the
conventional one. The only latency that one might possibly
conceive is the time that after one utilization of the CGRA
for a given accuracy levels, for the next use of the structure,
a higher level of accuracy is required. In this case, the voltage
levels of some islands need to be increased. In these cases,
we should give some time for the voltage of these PEs rise
from the lower level to the higher level. Our estimation showed
that, in the worst case, the latency for the considered switch-
box was about 500ps which was equal to around one clock
period of the system. In the case that the CGRA is not in
use for a while, the power gating scheme could be used for

the PEs. In the case of using this scheme, setting the voltages
of the islands requires some time for all the PEs to reach to
their final supply voltage. Thus, the proposed scheme does
not impose additional latency compared to the conventional
structure when similar power gating scheme is used.

VII. CONCLUSION

In this paper, an energy–quality scalable CGRA based on
voltage overscaling (VOS) technique was proposed. In the
proposed CGRA, the output quality of each Process Ele-
ment (PE) was determined by the applied VOS voltage level.
To reduce the overhead of the hardware implementation of
the proposed structure, the PEs were clustered in a group of
voltage islands. Also, an ILP based mapping algorithm for
determining the operating voltage level of each PE and binding
of the operations of the input application on the PEs of the
CGRA was proposed. In the proposed structure, by applying
the lowest possible supply voltages for the PEs, both the
energy consumption and lifetime of the CGRA were improved.
The efficacy of the proposed architecture was evaluated using
different benchmarks, minimum output qualities, and four
voltage island sizes. Furthermore, the impact of the number
of the VOS voltage levels on the energy saving and lifetime
improvement was investigated. Finally, a folding technique for
further improvement of the proposed structure was suggested.
The results indicated considerable energy savings and lifetime
improvements for the VOS based approximate CGRA when
some output quality degradation could be tolerated. The results
showed that the proposed CGRA could lead to 43% and 73%
lower energy consumption and aging rate, respectively.
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