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Abstract—Power dissipation and robustness to process

variation have conflicting design requirements. Sitey of

voltage is associated with larger variations, whileld up-scaling
or transistor up-sizing for parametric delay varian tolerance
can be detrimental for power dissipation. Howeviar a class of
signal processing systems effective trade-off cam dchieved
between Vdd scaling, variation tolerance and “outmuality”. In

this paper, we develop a novel low-power variatitwlerant
algorithm/architecture for color interpolation thatallows a
graceful degradation in the PSNR (Peak Signal to iNe Ratio)
under aggressive voltage scaling as well as extreprecess
variations. This feature is achieved by exploititige fact that all
computations used in interpolating the pixel valuds not equally
contribute to PSNR improvement. In presence of Vsithling
and process variations, the architecture ensurestttonly the
“less important computations” are affected by delilures. We
also propose a different sliding window size tharhet
conventional one to improve interpolation performea by a
factor of two with negligible overhead. Simulatioresults show
that even at a scaled voltage of 77% of nominaluelour design
provides reasonable image PSNR with 40% power sgsinVe
also emulated the color interpolation design on ALTERA DE2

board and observed the efficacy of our methodolegth voltage
scaling.

Index Terms—Low power design, Quality-Vdd tradeoffs,
Color Interpolation, Process Variation Tolerance.

I. INTRODUCTION

Present-day integrated circuits are expected tvatel
high-quality/high-performance  under ever-diminighin

power budgets. Power-aware designs are necessary to

prolong the battery lifetime of portable devices,prevent
excessive heat generation, which might result imicge
reliability problems and to reduce the cost asdediavith
expensive cooling techniques. Due to quadratic igdgece

Specifications: Design Specs, Quality Metric,
Desired Quality, Power Requirements

Algorithm Level {}
(1. Perform Sensitivity Analysis to determine cafitess
critical computations for user-specified outputligya
2. Algorithm Transformations (adjust complexitytérms of
number and type of operations) that ensure minirquelity

\degradation in case of delay variations

/"Map to the Architecture/Logic with following guidees:

1. Minimize sharing for critical computations

(this tends to make them faster)

2. Implement less-critical parts by maximizing shairto incu
minimum area overhead

\_3. While designing maintain the target frequenauemen

(" Utilize the slack between critical/less significaatmponents
to scale voltage down for low power
Longer path delays due to Vdd scaling/process tiana
\_affect only less critical computations

Y.

Low Power Variation Aware Architectur®

Fig. 1: The design methodology

proportional to voltage as a first order approxioat
Therefore, applying supply voltage scaling randotolany
architecture can adversely affect the output, legth lower
manufacturing/parametric yield.

Besides power dissipation, process variations ptsse
major design concern with technology scaling. Sisdiave
shown [3, 4, 5] that parameter variations creatdeky
spread of almost 30% for 70 nm process technolegging
to delay failures in some chips. Supply voltage @en
scaled-up or logic gates can be up-sized to predelay
failures and to achieve higher parametric yieldweeer,
such techniques come at a cost of increased powiéoradie
area. Hence, meeting the contradictory requirenmaégh
yield, low power and high quality is becoming extiegly
challenging in nanometer designs. Therefore, tleaeneed

of power on voltage, supply voltage scaling hasnbee
investigated as an effective method [1, 2] to redpower.
However, supply scaling increases the delays in all
computation paths and can result in incorrect oonnmplete
computation of certain paths (since delay is inslgrs

for scalable designs, where lower power and process
variation tolerance can be achieved with minimatpat
quality degradation. Interestingly, we observedt tfar
several DSP applications, all computations areeuptally
important in shaping the output response. For systems,
some computations are critical for determining theput

This work is an extension of work published in ICCZR007 quality, while others play a less important rolehisT



information can be exploited to provide the “rightide-off
between output quality, energy consumption (suppéting)
and parametric yield due to process variations.

The design approach advocated in this paper is rshiow
Fig. 1. After obtaining user specifications andidieg the
appropriate algorithm, a sensitivity analysis daiaes the
important/less-important components (important pehose
which contribute significantly to the output quglit
less-important being the ones that affect the dugpality to
a lesser extent). Of course, this classificatioonily possible
based on the quality requirements of the userthénnext
step, the architecture is developed so that thécalri
components share minimal resources (this also tentske
them significantly faster). However, this comes a
increased cost of area. To circumvent this areshexasl, we
maximize sharing among the less-critical sectiohghe
design, while maintaining the target frequency nemynents.
This maximal sharing for less-critical sections anidiimal
sharing for the critical sections of the architeetallows a
delay slack to be available within these classiedtions.
This ensures delay discrepancies at hominal vdkagked
voltages due to parametric variations or voltagdisg do
not have any impact on the “important” computatioDge
other important feature of this design methodolisgat we
maintain the same operating frequency as that ofimal
Vdd at scaled voltages. The resultant increase eilayd
affects only the less-important computations ands ha
negligible effect on output quality. In this paper apply
this design principle to color interpolation areluiture.

Color interpolation is the most computationally
demanding operation in the image color processtages
(Fig. 2). Since each pixel of a color image cossist 3
primary color components, red (R), green (G) angk §B),
imaging systems require 3 image sensors in ordeapture a
scene. However, most image sensors are housedtabfe
devices, whose lifetimes are limited by the battéetimes.
To alleviate power requirements as well as redues t
manufacturing cost it is customary for such devioasapture
an image with a single sensor. In this case, only of the
three primary colors is sampled at each pixel and
subsequently stored in color filter arrays (CFA).order to
reconstruct a full color image, the missing colamples at
each pixel need to be interpolated by a procedsdcablor
interpolation. Also, since the color processingystautput
directly impacts the post-processing stage re¢hlts 2), it
is imperative that a reasonably high Peak Signadldse
Ratio (PSNR) be maintained for interpolation stagé&ut.
The interpolation architecture, therefore, should
simultaneously satisfy both low power and high PSNR
Though extensive research [4, 5, 6] has been coedlat the
algorithmic level to improve the PSNR of color ingelation,
very little attention has been given to generate pmwer
designs with high parametric yield for the samewkteer, by

Preprocessing ~ Color processing |
White Balance | (Cdar interpdation | _. Post _)
> Gamma Correctiors| Color Conversior>: processing

Fig. 2: A typical image processing chain for a tigcamera

n=0
Fig. 3: Bayer CFA pattern

allowing “intelligent” tradeoffs between image qitxaland
energy consumption, it is possible to develop energare
interpolation with high image PSNR. Our contribugoin
this paper can be summarized as follows:

1) Identify crucial/less-crucial computationgor
maintaining high output image PSNR in color intdgtion.

2) Present an algorithm/architecture for color
interpolation where graceful degradation in PSNRhwi
Vdd-scaling (low power) under process variations t&
obtained. In fact, unlike existing implementatid8$, our
architecture can operate under a scaled-supplyag®It
around 77% of nominal Vdd (for 65 nm CMOS techng)og
while maintaining “reasonable” PSNR. This featue i
implemented with negligible overhead in terms dagearea
and power at the nominal voltage. To the best af ou
knowledge, this is the first time such scalable ocol
interpolation has been proposed.

3) Based on the above architecture, we propose a
different interpolation window-size (5X6) in constao the
conventional one (5X5) to improve the speed ofrpiation
processing by approximately a factor of two withnimal
hardware overhead.

The rest of the paper is organized as follows. The
classification of important/less-important compaiserin
color interpolation is proposed in Section 2. S®tt3
presents detailed mathematical analysis of outpatity in
the scalable color interpolation architecture.
architectural implementation details with the siatidn
results are presented in section 4. A differenterfihg
window size for improved performance is also présserin
this section. Section 5 explains the applicability our
technique to improve parametric yield. Section Gatades
the paper.

The

Il. COLOR INTERPOLATION PRINCIPLES ANDDESIGN

In this section, we briefly mention the underlyjprinciple
of conventional interpolation schemes and identifye
critical/less-critical components in color interptibn.

A. Determination of critical components

The Bayer pattern [6] (Fig. 3) is the most freqlensed
CFA interpolation pattern and consists of R, G a@d
channels. The G channel represents the luminance
component (brightness) of a scene, whereas R ahdiihels
together form the chrominance component. The coatioin
of luminance and chrominance components deternimes
image quality. Interestingly, the Bayer patterntedms twice
as many G channels as compared to R and B channels.

Bilinear interpolation is the basic building blo@d all
color interpolation schemes. In this method, thesimg color
values at each pixel are determined using the geedd



adjacenpixels of the same color. For instance, if we want
interpolate the missing color§ andB at the pixelR;, we
compute the average of neighbori@@ndB values (Fig. 3):

0 1 o 1
Gi,i :ZZ (Gi+m,j+n) Bi.j :ZZ (Bi+m,j+n)
(m,m)={(0,-1),(0,1),(-1,0),¢ 1,0)} M nF {(- 1 1).6 1),(1-1),(L,1)}
At a G pixel, the adjaceriR andB values are interpolated as:

R =L B, =L
RI,] - 22 (Ri+m,j+n) Ble 22 (3+m,j+n)

(m,n)={(0,-1),(0,1)} (m,n)={(-1,0),(1,0)}

Note that the locations oR and B pixels may be
interchanged, but the computation remains the sdrhe.
bilinear method does not take into account the edge
information and also neglects the use of otherratiannels.
Although this method results in low PSNR, it is eligused
due to its simplicity and can be identified as @tegral part
of all interpolation algorithms.

To improve interpolation accuracy and obtaitidyémage
quality, more advanced techniques [6] have beerldped
that exploit the correlation among, G, B channels or
information about edge direction to adaptively iptdate
each of the missing colors. In [10], missing colan®
estimated by applying bilinear interpolation to tbelor
difference domain G-R and G-B to obtain superioagm
quality. In edge sensing methods [6, 7], the iratiion is
adjusted to estimate the pixels along edge dinestamd not
across them. In [8], image quality is enhancedglartical
and horizontal edges only, considering first anenesecond
order pixel differences. More complex sensing meshd 1]
consider a variable number of edges. Further stipated
methods [10, 11] have been proposed that lead RPS
improvement by using results from B and R interpotato
correct G interpolation and vice versa. Howeveiesth
complex techniques either require excessive hamlviar
their implementations or additional software prateg for
practical realization. Therefore, attaining highage PSNR
requires careful consideration of both edge seremiypixel
correlation while limiting design complexity.

An effective methodology for providing improved ool
interpolation is shown in Fig. 4. In this schenve,divide the
computations required for interpolation into twatpdased
on their impact on the output image quality. Thstfpart
consists of the bilinear component, and the secqoad
consists of a correction term. This aspect is alédent from
a quantitative analysis (Fig. 5). The correctiommteis
designated as “gradient”. This gradient is directbed to
enhance the quality of the estimated color valeglpced by
the bilinear technique (Fig.5).

The gradient is expressed as a 2-D vector; iitpdn the
direction of largest possible intensity increaseath pixel
and its value corresponds to the rate of changéhan
direction. The bilinear component can also be regrted by
a 2-Dvector based on the averaging weights and positibns
the pixels. Therefore the bilinear and gradient ponents

| Bilinear interpolation M‘ Gradient correction w

Fig. 4: The 2 parts of color interpolation

(b) ¢

(@)
Fig. 5: Image results (a) Original , (b) Biline@8¢B) with highlighted faded
portions compared to original, (c) Gradient coti@tterm (7.495dB)

can be jointly perceived as a 2-D “filter windowThe
elements of both the 2-D vectors represent theerfilt
coefficients and the number of elements deterntimedilter
size. For instance, let us consider the 2-D fétemwn in Fig.
6(a), where we estimate the missing G color vatudne R
pixel. The coefficient values shown in green colith
weights {2, 2, 2, 2} represent the bilinear compune
whereas the remaining 5 coefficients {4, -1, -1, -1}
express the gradient component of the filter. Whach a
filter acts on an interpolation region, the outgutomputed
by the sum of products of the filter coefficientithwthe
intensity levels of each pixel at that location t@dmed within
the filter window. This can be expressed by thepsiied
2-D convolution given by:

m n
Filter Response(R) =Y > w, ;7 ;

i=1 j=1
where, z's are the intensity of the pixels withire tfilter
window, w's represent the filter coefficients amdn are the
filter window size in X, y directions. The size tife filter
window can be varied (e.g. in Fig. 6(a), we haiter size
of 9). However, increased filter-window size resuilh a
commensurate increase in the complexity.

The gradient calculation requires the comjputatof
derivatives along an intensity direction. Thereforeegions
of constant pixel intensities, the gradient shcawddequal to
zero [12]. The filter output always determines thissing
channels at a particular pixel position, centertetthat pixel.
These filter windows (e.g. Fig. 6) operate on tihel image
by using a sliding window protocol. The “slidingrngiow” or
“interpolation window” size can be varied (e.g. 5XBX7
etc.) depending on performance and filter sizeirements.

Il.  PROPOSEDDESIGNMETHODOLOGY FORLOW
POWER/PROCESSV ARIATION

In this section, we first discuss our desigprapch (Fig.1)
and then compute the gradual degradation of queldy is
introduced due to voltage scaling and parametrniatians.

The basic idea behind the proposed voltagexst=l
architecture is to retain the bilinear part in@mputations
and vary the size and complexity of the gradiemhgonent
to satisfy the low power requirements. At nominaldy the
filter windows and coefficients used in our desaga similar
to that proposed in [15] with 5x5 interpolation dow. At
nominal Vdd, our design yields high PSNR. As delays
increase under scaled voltages and parameter piswies,
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Fig. 6: Color interpolation of: (a) G and B at Kgli (b) R and B at G pixel, (c) G and R at B pjXd) R and B at G pixel

we meet frequency targets by varying the values thed
number of coefficients for evaluation of gradieatmponent
of each filter. The new filter coefficients are spbimal in

Wiener criterion [14, 15]; however, by performinggorous

error analysis we attempt to minimize the errorasgd after
each alteration of the coefficient values/numbgve also
ensure that during such transformations, the adeffis

which define the gradient always sum up to zer.[12

A. Nominal Vdd

Fig. 6 shows the different filter windows uwtid for
interpolation of missing colors at nominal Vdd. FB¢a),
6(b) shows the coefficients for estimation of G &dalues
at the R pixel and R and B values at G pixel, retpely, for
a row consisting of R and G pixels (Fig. 2). Fifc)@and 6(d)
show filter coefficients for calculating G and Rlwes at B
pixel and R and B values at G pixels, respectivielya row
consisting of G and B pixels. For the filters showve
distinguish between the computation of B and Raf@ pixel
on an R-G row to that of B and R computation of pix&l on
a G-B row, since a slightly different computatisrréquired
in each case. However, the same hardware canduetas
determine both the computation sets just by switghio
inputs for the second case. Similarly, the comjadf G
and B at the R pixel (Fig. 6(a)) and G and R abIp(Fig.
6(c)) are completely identical, with just the radiahe blue
pixels interchanged. The mathematical expressidnthe
filtering operation to determine G and B valueR atixel and
R and B at G pixel locations at nominal supply agtts are
given by Egns 1, 2 and 3 in Table 1. The filterBiop 6(c) (G
and R at the B pixel) can be expressed by the smnef
above equations with only the R and B literalsrcttanged.
The coefficient values of the corresponding filters shown

S Filter Coefficients

Filter Region

(a) Reference Bayer CFA (b)
Fig. 7.(a) Homogeneous region, (b) Vertical edge

in Fig. 6 {a=-1, b=-1, c=1/2, d=1/2, f=-1}. Note that all
computations are divided by 8 (shifted by 3 bits)obtain
correct estimated pixel values.

Prediction of missing colors at a pixel throughloco
interpolation introduces some error in the procgéssegage
when compared to the original. We perform an earalysis
at nominal Vdd by estimating the mean square §MSE)
which is defined as:

M

Zi‘(e.j - Py
i

MSE = —!
MN

Here P;; and P’;; are the pixel values in the original and
reconstructed image, respectively. For one pdsicu
interpolation window, we need to minimize= |P;; — P’;| to
obtain a good reconstructed image. We evaluatestiw
value for two distinct cases:
1) Homogeneous windavirhe R, G and B pixels are highly
correlated (no sudden edges) andoaogenousegion of
interpolation is available where pixels have simifdensity
values as shown in Fig. 7(a). For instance, wenasshat the
homogeneous region of Fig. 7(a) consists of pixeld all
high intensity values denoted by H. Note that cigeither
all high or all low intensities over the same filiwindow
yields identical results in error analysis.
2) Window with Existent Edged he region of interpolation
has edges in it. We consider a vertical edge in FQ),
where H and L denote high and low intensity compdsie
respectively. Similar analysis can be conducted direr
kinds of edges, such as horizontal or diagonal £dge

We perform the error computation at nominal agét after
applying filter of Fig. 7(a, b) (R value at G pixdb the
interpolation region. The results for homogenealgge
cases are summarized in Table 1, where=PHg (pixel
intensity in original image) and;Pis the reconstructed R
channel by using filter shown in Fig. 6(b). For esatf
brevity, we show the analysis for only one filtérFdg. 6(b).
However, identical analysis can be easily perforfoedther
filters shown in Fig. 6.

B. Scaled vdd

At scaled voltages, we alter the number/values of
coefficients determining the gradient. In this sdi®n, we
describe each of the filters utilized for estimataf missing
pixels under two scaled voltages (Vddl and Vdd2) an
analyze their impact by analytically evaluating #neors.
Scaled Vddi To design an architecture which meets the
delay constraints at a reduced voltage, we rechecaumber




Table 1: Mathematical expressions for filter windoat different voltages with corresponding erranpatations
Error Computation
Voltage Filter Window Computations (All error computations show R values at
G pixel for illustration purposes)
Interpolation of G and B at R (Eqg. 1, 2) / Inteigd@n of R and B at G (Eqg. 3)
O
Gij = ZZ (G+m, j+n) +4(R;j) - Z (Rem,j+n) 8 Q) AR,NominaI: |Pi,j,orig —Fi,jnominal |
(M =((-L-1,(1-1, ¢ 11,01} (¥ {£20),(20).0: 2%2) =|(8Hr—(8Hg + (5+2c+4a+2b)Hs )/8|
Bilinear Edge :(5+2C+4a+2b) |_U8
Substituting {&-1, b=-1, c=1/2}
Bii=| 2D (Bumjen)  *O(R) - 32 (Runjen) g (2) AR Nominal(HOMOgeneous=0
(m.m={(-1,-1),(1,~ 1), 11),(1.1)} 0 ¥ {€2,0),(2,0).(0; 2)A,2)}
Nominal Bilinear Edge Considering edges in vertical direction
vdd —12 Rimjen)  +5G ) +4Z R jon ) Ar_nomind EAgeE) =| (8Hk —(4(Hr +LR)+
0 (m,n)={(-1,-1),(1,-1),11),1,1)} mn¥ {¢10),10)} (5+b+2a+2C)HG +(b+2a) LG))/8|:
Rij = Bilinear 8 = (4((Le- Lr)-(He- HR)) + (Hg - Lo))/8
- E Iq+m,j+n "')O-SZ (R+m,j+n) .
i M9 €.0).20)  (MM=((0-2),002) | Assuming(L- Lr)=(He- Hr)[4] (differences
(3) | Lg-Lg and Hs-Hg have similar values over|a
_12 Bomjon) 56, +4Z B jon) small interpolation region)
(m,n={(-L1,-1),@~1),¢ 12),@.1)} (m n ¥ {0~ 1,0}
Si,j = Bilinaer 8 AR,Nomina(Edge = (HG - LG)/S
+0-SZ (a+m,j+n )_ 12 ﬁ+m,j+n )
L n(n=) {( 2,0.(2,0)}  nb n={(0,-2),(0,2}} ]
Interpolation of G and B at R (EQ. 4, 5) / Intergut@dn of R and B at G (Eq. 6, 1)
o Bilinear (4) AR,ScaIedVddflpi,j,orig_ i,j'ScaIedVddl
Gij = 22 (Gi+m,j+n) + 2(R]) - z (R|+m,j+n ) 18 =|(8|ﬂ—(8|_h+(4+4a)HG)/8|
(m,m={(-1,-1),(¢~ 1), 1.1),(L1)} o n ¥ {0 2).(0,2)} = (4+4a) /8
Bilinear
B, = 2> (Bupp)  * 2(R)) D (R )| /8 ®) Substituting {&-1}
Scaled (m‘n):((—l,—l),(l,—l):(l— 11),(11)} ! ™ n ¥ {0~ 2):(]0,2)} A :(HOIT]O EHEOU}T— 0
vdd1 R,Scaledvdd g
o Bilinear
R, = 4Q,J - Z (G+m,]+n) + (R,Lmyl,,n) /8 (6) AR,ScaIedVdd(Edgez |((8HR_ (4 (HR"' LR) +
(m (L -1),(-1),0- L) (Mm=0.-D.01) (4+2ap 2alg)/8|=
o Bilinear = |(4(|‘k _LR) - 2(HG' LG))/8|
By=[4G, = > Guyw) * (B |18 (7 = | (He-Lo)/4|
(m,={(1,-1),(-1),r 1,y (MM={(-1.0),(-1.0)}
Interpolation of G and B at R (Eqg. 8) / Interpatatiof R and B at G (Eq. 9, 10)
Bilinear Bilinear AR scaledvddZ |Pijorig—P: jscateavaal
S = B = =|(8H— (8 Fk + (4+42)Hs )/8|
Gi=| 2) Gunp) |BBu=| 2> (B..) |8  (L+2) b8
(m,m={(-L,-1),(1-1),(- 11),(11)} (mm={(-L,-1),(L~ 1), 11),(11)}
Scaled o Bilinear Substituting {&-1}
vdd2 R,=|G, - Z (Gunj)*  (Runyn) |18 (9 AR scaledvac{HOMogeneous=0
(m,n)={(-1,-1)} (m,n)={(0,-1),(0,1)}
o Bilinear AR,ScaledVddiEdge: |((8HR_ (4 (H?+ LR) +
Bii=|G, - Z(G,mj+n)+ (Bon o) |/8 10) (HeLe)/8l = [(4(Hr ~LR) - (He- La))/8|
o sy (MO=(L0)(-L0) = |3(Hd-Lg)/8|

of operations and hence the critical path of th&gieby
changing the filter size from 9 to 7 (for G and BRapixel),
and from 11 to 7 (for R and B at G pixel). Similéter size
reduction holds for the other four cases. The risvs retain
the bilinear component as in nominal Vdd case, @tthin
terms in the gradient component which result inimél

observed that the remaining filter coefficientsstitnting the
gradient component are altered to make their sunaleg
zero. This alteration is dictated by minimal hardsva
overhead and will be explained in the next sectibhe
mathematical expressions with the error computatiare
summarized in Table 1.

PSNR degradation are not computed. It should also b  Scaled Vdd2We further scale the supply voltage to a
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Fig. 8: Images (a) Nominal Vdd, (b) Vdd1 (c) vVdd2

value of 0.77 times the nominal supply voltage. Tiliers
used in this case are optimized based on minimalwsae
requirements discussed in the next section. Attbisage,
we obtain only the bilinear component for G andaBues at
R pixel. On the other hand, the R and B values aix8ls
produce bilinear and a minor gradient componenthe T
mathematical expressions and error values for dage is
also shown in Table 1.

Fig. 8 shows the image results for the origasivell as the
processed image at nominal and scaled Vdds. A¥dldeis
scaled, the images become blurred and the artidaetsore
pronounced. In Fig. 8(c), it is observed that idiadn to the
8(b) artifacts, the letters (edges) become lesblgias well.

C. Comparison with existing algorithms

To verify the effectiveness of the filters poged above
(Table 1) we applied them on a set of 25 Kodak esaand
compared the results with the nominal Vdd case @hdr
signal interpolation algorithms (signal correlatifi®] and
bilinear). In Table 2, the average PSNR for R, @hBnnels
and the whole images are shown. The filters at nah\'dd
produce better results than signal correlation/éd1 due to
error introduced by presence of edges, there isiaity
deterioration of around 2 dB. For VVdd2, the magtétof the
error is higher due to further reduction of filteindow size,
degrading the image PSNR by 4 dB compared to ndmina
Vdd. We note that even at Vdd2, the proposedrdilte
outperform bilinear in R and B channels due to the
computation terms that are maintained (Table 1)tliese
color channels.

Regarding the design complexity we compare our ateth
with a popular algorithm [10], where the color iptelation
method using signal correlation required 20 addgido
estimate 2 missing pixel values. Our method ondtiesr
hand requires 31 additions to compute 4 missingrcol
channels. Therefore at nominal Vdd we provide simil
PSNR at lower computational complexity.

IV. IMPLEMENTATION OF SCALABLE ARCHITECTURE

In this section, we first propose a method of ioyimg the
performance of color interpolation by almost a daaif two
with negligible area overhead. We then present our
voltage-scalable variation-resilient architecturasdd on
varying the filter size and number of coefficiemssuit the
scaled supply voltage and/or parametric variataiasussed
in the previous section

A. Architectural innovation for high throughput
The complete estimation of all the missing col@guires

Table 2: Average PSNR improvement in dB over bdiniaterpolation
for the 25 Kodak images for each color channed the whole image

channel Sig. Nominal Scaled Scaled
Corr. vdd Vddil Vdd2
R 3.6 4.36 2.59 0.62
G 3.24 3.24 1.41 0
B 3.09 3.09 1.95 0.29
image 3.41 3.89 2.37 0.41

the computation of the following: i) R and B at Bepixel ii)
B and G at the R pixel and, iii) R and G at theiBep In
conventional color interpolation, one pixel is teted at a
time and the interpolation of the other two chaasnesl
performed at that pixel. For instance, to inter®la and B
at the R pixel, the filters operate on a 5X5 pixaidow size
at any time instant and traverse the entire imkge evident
that the size of this interpolation region detersithe speed
of interpolation operation for the entire images ghown in
Section 2, the computation of R and B at the Glpbguires
different implementation than computing G at theoBR
pixels. Therefore, we need dedicated hardware for
interpolation in each case. However, with an inéapon
region of 5X5 even with dedicated hardware, we can
interpolate the missing colors on only one pixed &me.

If we assume a row-wise pixel traversal, then basethe
arrangement of the CFA, the R and G pixels arestisd in
one row and the B and G pixels are covered in &xé iEven
though the filtering of B and R for a G pixel on RAG row
differs slightly from that of B and R estimation@tpixel on
a G-B row, as shown in Section Il.A, it is possitdeutilize
the same hardware just by interchanging the R antpts
depending on which row is being traversed. Theegfo
hardware implementation of the filter windows shawi(a)
and (b) are adequate to perform color interpolatibrall
missing pixels depending on the row it is operating

i) B, G channels for R pixel and R, B chasrfet G pixel

i) R, B channels for G pixel and R, G channelsBquixel
With the help of these two observations, we propsew
sliding window for improving the throughput of colo
interpolation. The main idea here is to take adagatof the
significant overlap between the filtering requirerngeof two
adjacent pixels in a row and utilize a size of 5X%els for
the interpolation region (Fig. 9 (b)). For instancensider a
row consisting of R-G pixels and their correspondiiters
in Fig. 6(a) and 6(b). Now if we utilize a 5X6 wiod it is
possible to interpolate missing channels at twaceatjt

ovgrlap 5 new values

overlap

10 new values

-

=~ - -
NG ~.= Y —_———
5x5 window  sliding Window(a) 5x6 window sliding window (b}
Fig. 9: Comparison of shifting windows for the
(a) Conventional (5X5) (b) Proposed (5X6)




pixels in a row (either for R and G in R-G rows®and B in
the G-B rows) at the same time without any hardware
overhead (Fig. 9).

Also by using a 5X6 window, we can obtain 4pats
(e.g. B and G at R, R and B at G) in each timeqgeri
compared to only 2 for the 5X5 case. We can sema ffig. 9
that while the 5X5 window requires 5 additionalglixalues
every time it shifts along a row, the 5X6 windovigg( 9)
shift 2 columns every time and require 10 additiqrigels.
Therefore, we obtain twice the throughput with thibeme
with minimal additional requirements in hardwareading
only 5 extra pixels every time period).

B. Scalable Architecture for color interpolation

To attain high parametric yield in presence ofations as
well as to enable extreme low power operation unteimal
guality degradation, it is essential to design alédalable,
variation-resilient architecture. Fig. 12 shows #talable
architecture developed for color interpolation.this case,
we have considered the primary inputs for estingatire G
and B at R pixel (Fig. 6(a)) and R and B at G p{kéd). 6(b))
for the G-B row. Of course, same architecturelmmntilized
in the G-B case. We analyze the architecture uidedd
scaling and ii) parameter variations.

Vdd scaling As shown in Fig. 10, our architecture provides
maximum sharing among the 4 computations to opértiie
total hardware requirements. For instance, whilesiering
the G and B estimations at the R pixel, we findt ttie
summations of theR(eqn. 1) terms are identical for both the
cases only with different scaling factors. This exdpis
utilized to effectively share the hardware andghlighted in
Fig. 10(a). Similarly, while calculating the misgipixels R
and B at G, we find that the;Germs are identical in both
equations and can use the same hardware for cotigmsta

+ Vdd nominal

Bi+1,j-1
Bi+1,j+1

Overlapping
J computations

(highlighted in Fig. 10(b)). Moreover, as mentionad
Section I, we need to ensure that the bilinear mament is
not affected by Vdd scaling/process discrepancies.
Therefore, in each of the missing pixel computatiave
compute the bilinear portion first. For instancecase of G
and B at R pixel, the bilinear component is comgytest
after 2 adders (Fig. 10(a)), whereas for R andl8utation at
G pixel, this component just requires 1 adder tmglete
(Fig. 10(b)). To reduce the bit-width of the addesed in the
computations, we use the shifted values for theutinp
coefficients while implementing this architectur&or
example, instead of dividing the final output bglifting 3
places) as shown in Section Il, we consider eacheofnput
coefficients divided by 8 (shifted by 3) in our dgs

At nominal VVdd, the frequency of operationétermined
by the maximum of the critical path delays for #ie
computations. It can be inferred from Fig. 10 thatcritical
path for this design is {four adders + one 3-inputtiplexer
+ one 2-input multiplexer}, which is present at thgput. In
our architecture, we have maintained the samecatiti
path-length for each computation used in interfpadathe
missing pixels. At nominal Vdd, both the voltagelstg
signals are set to zero and the control signahef3-input
multiplexer chooses the output from the last addeeach
missing pixel computation. The first level of v@eascaling
(vddl) is selected by setting the control signal=\11
Under these circumstances, the size and complexithe
filters are reduced to satisfy timing requiremeattsninimal
PSNR degradation. At this voltage, the computatibfiour
adders + two multiplexers} is no longer possibld #re final
adder in each computation has an invalid or incetepl
result. The choice therefore remains to scale ditage to an
extent, where the computation of {three adders ® tw
multiplexers (critical path)} is valid. In this oas the
multiplexer chooses the output from the third addexach of

+ Vdd nominal

Gi, j
S>>l it
Givl, j-1 5531 _ a4
Gi-1, j+1 >®,;3//:*
Gitd, it A7 e,
Gi'j+2 >>3
Gij-2 —

Critical path

Gi-2,j >. >>4

+ Vdd nominal

Gi-1, j+1 <_ -
Girt bt 2D
Gi, j+2
Gij-2
Gi-2,j

Git2, j ] Overlapping

>>3 "
computations

(b)

Fig. 10: Proposed Architecture for the interpaatof (a) G and B channels at R pixel, (b) R arat B pixel



the computations as shown in Fig. 10. At the same,tit
should be noted that the outputs of the third added to
conform to voltage equations and implement theerflt
shown in Table 1 to obtain the output with the leigth
obtainable PSNR. The other requirement that needset
ensured is that the gradient components in this
implementation add to a zero value as per therfilte
requirements from Table 1. We elucidate this furthi¢h the
help of an example. Let us consider the computaifo® at
the B pixel in Fig. 10(a). We observe that when fitnarth
adder is not computed, the bilinear portion is affé¢cted.
However, part of the gradient is not computed. réfeze, to
obtain a zero value for the gradient under volsgging the
values of the coefficients for the computation Gfdjent part
are {2,-1,-1} instead of {4,-1,-1,-1,-1}. At therchitectural
level, this compensation is achieved with the helpthe
multiplexer shown in Fig. 10(a). The voltage soglsignal
(V1="2") controls this multiplexer, and alters theefficient
value of Rij from 0.5*R;(4/8) to 0.25*R;(2/8) to make the
gradient sum to zero at even a scaled Vdd. Iniegdgt only
two 8-bit multiplexers at the inputs suffices thestire
gradient compensation across all scaled voltageshwn
in Fig. 10(a) and (b), one multiplexer is shared@®and B
interpolation at R, and the second multiplexehi&red by the
R and B computations at the G pixel.

Further voltage scaling (Vdd2) is obtaingdsbtting the
value of the second voltage controller V2 = ‘1’At this
voltage, the computation of {three adders + two
multiplexers} is no longer possible within the sified delay
margin. Therefore, the multiplexer chooses the wiLttpat is
available from the second adder (Fig. 10(a) and. (bhe
delay in this case is {two adders + two multiples}edelay,
and it dictates the minimum voltage to which thesige
operates correctly. Under these conditions, thevare is
required to satisfy the relevant equations and émgint the
filters of Table 1. In this case, the output obegirior the G
and B pixels is only the bilinear output. For theaRd B
colors at the G pixel, we obtain the bilinear vajaaetput of
first adder) and a small gradient. Again, the inputtiplexer
satisfies the zero gradient requirements. The éxrdware
required to incorporate the scaled Vdd/process-@awption
for all the four outputs, are the (8-bit) 3-inputiliiplexers at
the output of the design and two 2-input multiplexat the
input side. The multiplexers at the input sidealkelection
of the different coefficient values that are regdirat each
voltage level. These multiplexers contribute tocaerall
area overhead of 2% and power overhead of 3% ainabm
Vdd. Of course, other intelligent circuit techniguright be
employed to further optimize the area requirements.
Techniques like Vdd/ground gating of the last stafgic
in the adders which serve as inputs to 3-inputipialters (at
each output) can help eliminate the requirementthef
3-input multiplexers and further reduce the arearbgad.
The area and power results reported in this papeeber
consider the overhead due to the multiplexerseabtltput.

We implemented the proposed architecture inlagpand
obtained a synthesized Verilog structural netlispnf
Synopsys Design Compiler. This Verilog netlist Fen

Table 3: Power consumption and PSNR for sails infagearious Vdd values

Nominal Vdd Vdd1=0.89V Vdd2=0.77V
Method [ P(v) | PSNR | P(V) [ PSNR| P (V) [ PSNR
mwW dB mwW dB mwW dB
Propl 13.2 38.15 10.6 35.25 7.9 3209

converted into a Hspice file. The Hspice files were
subsequently simulated using IBM 65nm technologyngis
1000 patterns and the average power consumption is
determined. The delays of the critical paths arel dhea
estimates consist of active transistor areas. Wepeoe the
PSNR of the image for nominal and scaled Vdds inl§ &.

Process Variation toleranceWe investigated the impact of
process variation on our architecture at nominal sealed
voltages. As mentioned in Section 1, inter-dieiat&ons
affect these circuits more than intra-die variagiorAt
nominal voltages, parameter variations might afféct
delays in computations of some chips, which atheaslower
process corners. Under such a scenario, the oofihie 4"
adder (Fig. 10) would be incomplete or invalid. Hwer,
with the help of an adaptive sensing circuit (Bij) or sensor
[16], we can easily detect the process corner and
correspondingly set the first Vdd control signal Y611".
This will slightly degrade the quality of the imagenominal
Vdd, but will provide a valid output. On the otheaind, at
scaled Vdds (say Vdd1) because of parametric vanstthe
computation of the '3 adder might not be complete. Under
such conditions, we still have an option to furtbetr V2="1"’
and obtain a valid output at the expense of qualityhe
image.

The adaptive compensation circuit for controlline t
multiplexer-enable signals of the color interpaati
architecture based on VVdd/process corner is showigi 11.
The mux-ing in the architecture prevents incompéetd/or
incorrect computations to propagate to the findpat It is
necessary, however, to correctly detect the pddydailures
under process variation at nominal or scaled Vddse
voltage comparators C1 and C2 compare the curcgulys
voltage value with the reference voltage Vrefl &nef2 to
produce the logic value ‘1’ if the supply voltagesiqual to or
lower than the reference voltage. The referenceagelVrefl
is the scaled voltage at which 3 adders fail to mot@ in the
critical path under worst case process variati@Omsthe other
hand Vref2 is the worst case scaled voltage atwhiadders
failed. A process detector circuit provides signatiicating
the process corner and a pre-calibrated lookuje tadohtains
information about whether a particular path gefscéd at a
given voltage and process corner. The lookup table
calibrated at design time through extensive Hspice
simulations. We store the details of how many aslgee
properly computed at which voltage and processearsrin
this lookup table.

The process detection signal can be 1-bit to indiaaslow
or fast/nominal corners or it can be 2 or more toitsdicate
slow-slow (SS), fast-slow (FS), fast-fast (FF) atee lookup
table receives this information and generates
corresponding mux-control logic signals. This easuthat

the



the final values in the computations do not carny a
incomplete/erroneous values and correct computatitput
of 2-adder critical path (bilinear component) proaees to
the output. Since the process detectors and voltage
comparators are usually present on-chip/on-wafée t
area/power overhead associated with adaptive guatiing
with voltage scaling and/or parameter discrepandges
extremely low. Interestingly, there is no delaydwad due
to the control signals of these multiplexers duniogtime,
since the lookup table statically provides the oargignals
way in advance.

C. FPGA Deployment

To prove the effectiveness of our voltageatlal design,
we mapped the color interpolation architecture amdltera
Cyclone Il FPGA on a DE-2 board [18]. Fig. 12 #lltates
the block diagram of the complete system. The desig
consists of the color interpolation unit, SRAM/SDRA
controllers and the VGA control block. The user lias
option to turn on/off on-board switches and butttmselect
operation at the nominal, Vddl or Vdd2 voltages (as
described in sections Il and V). The system a&plays
the corresponding PSNR and power values at theoandb
LCD display.

The color interpolation processing occurdimfollowing
manner: The Bayer pattern image data is initiatlyed in the
SRAM (Fig. 12). The size of the raw image is 64 48&els
(8-bits per pixel) occupying a space of 307 KBlomnERAM.
The color interpolation unit implements all thedil windows
described in Section Ill. This unit reads the whBlayer
image from the SRAM in 5x6 pixel window sizes (as
mentioned in Section 1V). It then computes theiipolated
values at the nominal or scaled voltages dependmghe
switch settings set by the user and stores theheiSDRAM
through the write FIFO of the SDRAM control unithd
SDRAM control unit consists of a PLL and perfornhe t
synchronization of the input data to the SDRAM &ld8ince
each pixel is represented in 8-bit format and tpuats have
24 bits per pixel (R, G, and B) the total spaceunegl for
storing the image on the SDRAM is 1200KB. The ret&p is
to display the computed image data from the SDRANhe
VGA monitor. For this, the SDRAM controller procesghe
read requests from Display controller and reads tbat
requested R, G and B pixel values from the SDRAMe T
display controller, in turn, outputs 2D-pixel lomats (x and

Supply voltage

V. Pre-
—|calibrated
__|Lookup

Table

Output Multiplexer
control signal(s)

Process
Corner
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Fig. 11. Adaptive delay compensation circuit
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Fig. 12. Detailed block diagram of FPGA implemeiatatof color
interpolation algorithm

(©) (d)

Fig. 13 (a) Altera DE2 FPGA setup with VGA monittor display

Highlighted parts depict the gradual image degiiadats seen in the VGA
output, (b) Nominal Vdd: PSNR 34.75dB, (c) VddRSNR=32.15dB,

(d) Vddz: PSNR= 29.31dE

y locations) with the corresponding pixel valued arovides
these inputs to the VGA controller. The VGA coniol
generates standard VGA sync signals - VGA_HS and
VGA_VS (horizontal and vertical synchronization reas
for VGA PLL) to enable display of the pixel values the
external VGA monitor. The

LCD control block is responsible for displaying tR&ENR
values depending on the mode of operation. A 50 Mldek
that is generated on board serves as the inpuk ¢tocthe
SRAM, SDRAM and the color interpolation blocks. 3t
synchronized with the 27 MHz clock used for the VGA
controller/PLL. VGA controller can generate alscld.5
MHz in case is required for generation of VGA syarwl
blank signals.

For the FPGA deployment, we have implemerited
entire color interpolation design methodology inriltg
with a 5x6 sliding window operating on the imagerst in
the SRAM. In our Verilog implementations, we have
designed multiplexers (as shown in the architettura
implementation of Section IV-A) so that the outgthet can
be obtained based on the computations of 4 (nork¥idd}), 3
(Vdd1) and 2 (Vdd2) adders. The on-board switcHeth®
Altera DE2 board were used to implement the control



switches for the multiplexer depending on whetherdutput
that was computed at 2, 3 and 4 adder levels. TRBA-
setup is shown in Fig. 13. For sake of brevity, have
highlighted parts of the image which depict theadetation
of image colors/clarity. As observed in Fig. 13(lg),and (d)
only a detailed depiction shows a slight degradatiothe
image quality from nominal to the scaled voltage
implementations (even though the power consumptias
reduced significantly). Also the PSNR values in.Fig
provide quantitative values of output quality witbltage
scaling.

V. PROPOSEDMETHODOLOGY AND EFFECT ON
MANUFACTURING PARAMETRIC YIELD

The proposed architecture is resilient undarameter
variations and hence, significantly improves the
manufacturing vyield of color interpolation chips.sA
mentioned in Section 1, if the effect of parameterations is
not explicitly taken into account in the design of
of these architectures, they are likely to failvesely
degrading the parametric yield. Higher yield carobtained
by increasing supply voltage or upsizing the trstass both
of which creates more power overhead. For our techire,
we consider two distinct cases:

i) At nominal supply voltages, the output PSNRIe tmage
of color interpolation chips (at the worst casegess corner)
are minimally affected as only the “gradient” vadueave
errors in computation, ii) At worst case processmecs under
scaled voltages, we still obtain a graceful degiadaof

image quality since gradient values are affectefirst; of

course, beyond a certain voltage quality degradesdly

since the bilinear computations experience deldyrés.

It is evident that the proposed platform gates color
interpolation designs that are tailored to proviti@0%
manufacturing yield under parameter discrepancigs b
allowing trade-offs between quality and yield. &ealuate
the yield improvement, we assumed a threshold gelta
spread of 30% for the transistors and computedddiay
distributions of the critical paths for 2, 3 anédder levels
for the color interpolation architecture by using &STA
algorithm [17]. Under parametric variations at noativVdd,
the design with 4 adders in its critical path migét affected.
However the last adder stage computes only theegradnd
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Fig. 14: Path Delay Distribution of 2, 3 and 4 Adde
Levels based on their critical paths
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Fig. 15: Trade off Quality/Vdd/Process cornersm@ IBM technology

by constraining the bilinear computation to 2 addere can
maintain a fairly high PSNR. This allows us to &slei 100%
manufacturing yield for color interpolation desigmsth
minor quality degradation (Fig. 14).

Next we analyze our design to determine howacdles
under various process corners. Fig 15 presentgabe off
between quality (in terms of PSNR) and minimumtagé
required for correct operation of our design atious
process corners (SS, FF, TT-typical) in 65nm IBMgass
technology. For instance, if the chip operates &tcSrner
then in order to obtain a desired quality (say 38tB design
has to operate at 1.05V. However, if we can todesime
quality degradation (say up to 35dB) then the desa&n be
scaled down and operated at 0.97V. For TT and BEgss
corners, the voltage can be scaled to 0.89V and\0.8
respectively. If we are interested more in low powe
operation, then the design can be scaled down 0p/¥ in
case of FF corner, resulting in 13dB PSNR degradaind
almost 50% power savings compared to TT corneratjoer
at nominal voltage.

In comparison, the color interpolation arctiitee in [9]
consists of 2 stages and produces the output bpuatimg the
product of the weighted edge-direction with thealogain.
Such architectures are not scalable under delagtiars. In
fact, even at nominal VVdd at the slow corners (&®er) the
design completely fails. Since the bilinear coratiohs are
not given priority in this technique, the computatl errors
at the first stage propagate to the second conmpuogaistage
leading to a drastic degradation of output qualityis is also
true for other architectures [10] where the bilinea
component of the image cannot be easily identifed
separated out from the filter windows. In contrastr
architecture provides an opportunity to operatecursgvere
process variations both at nominal voltage and escal
voltages. For instance, if the chip operates at&®%er at
nominal vdd (1V), 4 adders fail to complete their
computation due to increased delays. Under thisas@ it
is not possible to obtain the desired quality cddB&4 adder
output PSNR) as shown in Fig. 15. In order to nzimta
100% yield without increasing power consumption, caa
instead operate at 0.97V (SS corner with 3 adderpated)
with minor output quality degradation. In that casee
output quality deteriorates by 2dB, which is prefge to the
highly degraded output in conventional architecture



VI. CONCLUSION

We have developed a novel design methodology where
“intelligent” trade-offs between power, quality carerror
resiliency is utilized to simultaneously achievevienergy
and variation-tolerance, while maintaining a readxy high
guality response. The design methodology has bpplied
to digital signal processing (in particular, to @lar
interpolation filter). The basic concept behindsthpproach
is to constrain the “more contributive coefficiénts initial
computation stages, and the less important onelsitén
stages of computation. Even at scaled Vdd we olzstaiary
graceful degradation of output quality in presenue
parametric disparities.
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5) In Section Il, we have explained in detail thederlying concepts of color interpolation that help design our low

power/variation tolerance methodology. Significadditions to the error computation with voltagalsg have been added to
Section IlI.

6) The quality-cosmetics of the paper have beemdrgnl. We have redrawn several figures to enhdreedlarity (Fig. 1, 7, 9 and

12). Moreover we have magnified the artifacts imithage results (Fig. 5, 8, 13) in order to maleauwadr any quality degradation.
7) Redundant parts in writing and figures 8, 9 &Advere removed.

8) We have added several key references.

Review Number 2.

kkkkhkkkkkkkkkkkkk

Comments to the Author

Comments to the Author

The paper describes a design methodology to trdfjpeaver and process parameter variations againgtliy. The methodology
has been applied to the design of a color interpoiafilter and results are shown after mapping floav into a Altera FPGA.

The work revolves around the idea of letting "lésgportant computations" to undergo timing failurehile "important
computations" work properly which is achieved Hgwing less sharing (and hence less MUX delaypytwide adequate slack to
withstand timing variations.

Overall the paper is well written and the ideas @mé&eresting and seem to be effective in hardwagsighs of image/video
processing applications. A few points needs toldfied though and may help in improving the maaris:

1) When you are doing voltage scaling are puttimgeéntire chip in the scaled Vdd or only partst®fin that case is the overhead
due to level converters also accounted for? Thaa@mgtwould also like to mention details about hbeytare achieving this in the
Altera FPGA.



14

Answer:In this paper, we have considered color interpoiedis a standalone system. For such a systemjsheraeed of any level
converter as the voltage of the entire system wbaldropped based on the output image quality/posegrirements.

40 Quality/\Vddmin/Process Corners Trade off
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Fig. 1: Trade off Quality/Vdd/Process corners im®0IBM technology

For the FPGA deployment, we have implemented thigeecolor interpolation design methodology in Megi. In our Verilog
implementations, we have designed muxes (as showhreiarchitectural implementation) so that thepatuithat can be obtained
based on the computations of 4 (nominal), 3(scatéthge 1) and 2(scaled voltage 2) adders. Thed2radutput computations
compute only the bilinear component of the imagee ©n-board switches in the Altera DE2 board weseduto implement the
control switches for the multiplexer control depielgdon whether the output that was computed at 2n@ 4 adder levels.
Therefore, these on-board switches could simutsestltage scaling (namely nominal, Vdd1 and Vdu2Yhe FPGA board and
produce the corresponding output images on the \d3alay. We have included more details about tmiglémentation in the
FPGA section.

The more detailed approach as to the particuldagebk and process corners where the 4, 3 and 2 legéés were operable was
obtained by our detailed Hspice results and has bkewn in Section V.

2) The handling of process variations is a bit skgt The authors mention they employ sensors gntotdetect process corners
and scale the voltage but details are missing. dutbors need to illustrate and explain this cleakiyhile performing evaluations
are you also taking into account the overhead duihé¢se sensors?

Answer:We have developed an adaptive compensation cifmuitontrolling the mux-enable signals of the coiaterpolation
architecture and these signals choose the cortggtibbased on Vdd/process corner. We have prowitedircuit and the brief
description of the compensation methodology in iady/.B (process variation)

3) Evaluations are performed on Kodak 25 images. diithors would like to mention why they chose susénchmark. Are they
typical for image processing systems deployed mmercial applications? Performing experiments dmeotimage benchmark
sets will also help for completeness of evaluations

Answer:The 25 Kodak images are from a standard benchnugtk that is frequently used in image processind) @mpression
applications. Other color interpolation papers aise this standard image set.

4) Since the work focusses on the power/yield/tyuatideoff it would be nice if the authors couldtghe pareto space for such an
optimization. It will help in understanding how Wide method can scale with decreasing image qualit

Answer:Based on our Hspice variability simulations, wedawvided more detailed graphs so that the optitisia space for the
powerlyield trade-offs can be analyzed in SectioMi analyzed our architecture in 90nm IBM techggland the design space
that was obtained has been presented in figuréniilag information can be extracted regarding th@imum/maximum Vdd
operable points in case of the plot described étige V for 65nm technology. In Fig. 1, for the Eérner, the design can be scaled
up to 0.76V resulting in 13dB PSNR degradationduldstantial power savings. Such graphs can beinsmuhjunction with the
process detector circuit (section 1V) in order isre 100% yield and acceptable quality under agydvariations due to process
variations and even Vdd scaling. Note also thatethie a spread in operable Vdd values of 38% arfd 88 90nm and 65nm
technology respectively.
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5) The authors use various features of the colterpolation algorithm for further improving throught. The quality of writing
while explaining these have suffered a little ahdwdd be rectified.

Answer:As per the reviewer’s advice, we have re-writtgmiicant parts of the paper to make it more regele®ection IV.A has
been modified.

6) Some of the figures are not well drawn. Redrgwiith a better pitch will create a better draftdaimprove the cosmetics of the
paper.

Answer:As per the reviewer’s suggestion, we have redraveral of the figures to make them look better. Ngee redrawn Fig.
1, 7,9 and 12 and removed Fig. 8, 9 and 12. Marewe have magnified the artifacts in the imageltegFig. 5, 8, 13).

Review Number 3.

*kkkkkkkkkkkkkkkk

Comments to the Author

Dear authors,
the idea you propose is in principle a good ond,tha paper needs to be shortened and modified.

Major issue 1: Basically, you suggest to cope viitier die by reducing the voltage for the slowessigns (by reducing the
quality). Many authors successfully proved, thahddhe opposite will be very beneficial for thelgi | think, that your idea may
be useful to implement a low power mode, but nobpe with variation. Maybe | am wrong, with thigmion, so you need to show
me with a meaningful evaluation:

Amswer:In this context, we need to mention how quality giedd here are related.

The term “yield” is conventionally used to indicate number of good operating chips at nominalag#t In conventional design
methodologies, where primary importance is giveratea/power optimization, if there are delay véoizd due to voltage
scaling/slow corners in the design then the inatfircomplete computations of the design are prapayto the final outputs,
causing them to deteriorate significantly, thersbyerely degrading design yield.

In our methodology, we first identify the cruciallk-crucial components of a system (in terms ofritarion towards the output

values). Then we design the system in such a mawoeérthat the critical components can be compfiatetér than the less critical
ones. In the context of color interpolation, wefpan this by ensuring that the bilinear compondr@ssomputed earlier than the
gradient ones. Such a technique ensures that ifdatay variations occur, only the gradient compdsene affected in their

computations. Of course, such a voltage has arlbaend below which even the critical componentsafiected and we obtain

erroneous output. Muxes at the output ensure wdaahputation is correct at a particular voltage pratess corner. More details
of the sensing mechanism etc. have been provid8eédtion IV.

Our “yield” remains high even under voltage scalimgcess variations because we can provide ougtigiightly lower quality.
Consider the case of our color interpolation desigre ideal output can only be obtained if the fadders are fully computed.
However, if at nominal Vdd (at the slow corner sajle to increased delays the complete computatiche 4 adders is not
possible; our architecture ensures that we cdrhstile a functional chip where the correct comporetill 3 adders occurs. We
obtain a slightly degraded image output (since @ge Isome portion of the gradient information); hesveour chip continues to
work unlike conventional system designs whichda#istically under such delay variations. Therefaeare able to provide 100%
yield at different process corners even at scatdthges by sacrificing some amount of quality.

We do not reduce the voltage for the slowest desitgmimprove our yieldWe provide an architecture which allows us to
continue to adapt to such variations in delay angeyate correctly by modulating (decreasing) the put image quality at
scaled voltages even under process variations. Thibtained by disregarding some part of the tatamputation which is not
so critical to the output quality. However, as shioim Section V the lowest voltage at which you oaerate at the slow corners
is still always higher than the voltages you canespte at fast corners (this is intuitive as well).

Compare A) a reference design w/o variation awassri) your design C) a version of the referencegdassing Vdd scaling (with
V1>Vnom>V2) against variation.
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Under the assumption of a threshold voltage vasiatjinter die), analyse the spread in CP delay totdl power (dynamic and
static).

Answer:As mentioned in the paper, this is the first attetoglesign a color interpolation system where fimmeous low power and
process tolerance can be obtained by identifyintical/less-critical computations and prioritizirthe critical ones over the
less-critical ones. However, for the satisfactibthe reviewer we have analyzed our design thragénsive HSPICE simulations
to determine how it scales under various processecs and the trade off between Quality/Vdd/proaessers is described in
section V. We analyzed also our architecture im®0BM technology and a similar design space has loétained presented in
Fig. 1 of this response letter. We also analyzegl computations of other color interpolation arettitires [9] where conventional
design principles have been adopted. This techniquenly requires complex operations, such asipiigiation and divisions but
also it is evident that bilinear computations céanhe separated out from the filter windows. Moraowile technique is
implemented with a pipelined architecture. The@aitpath in this architecture consists of a miikipand a divisor. Furthermore,
in the first stages of pipeline the averages andllmean of each color channel is calculated whale to be used in the next stage
in which the essential interpolation of each migsiolor is taking place. All the above charactérsstead to a non scalable
architecture. Not only some outputs are not colsrexdmputed under delay errors, there is no aduiprovision to remove the
incorrect computations which affect the outputsstically. Besides, any errors taking place infitst stage due to delay failures
propagate to the next computation stages restuitindnighly degraded output. This is also trueditter conventional architectures
such as the one in [10] where also the bilinea@rpulation cannot be easily identified and sepdrate from the filter windows. In
contrast, our architecture provides an opportuityot only operate under severe process variaibneminal voltage, but also
under scaled voltages For instance, if the chipratpe at SS corner at nominal Vdd (1V), 4 addeillstdacomplete their
computation due to increased delays. Under thisas@® it is not possible to obtain the desiredliggpaf 38dB (4 adder output
PSNR) as shown in Fig. 15. In order to maintaird@% yield without increasing power consumption,ca®@ instead operate at
0.97V (SS corner with 3 adders computed) with mimatput quality degradation. In that case, the outpality deteriorates by
2dB, which is preferable to the highly degradedpatiin conventional architectures. We have reposeeeral Pareto plots in
Section V to highlight the opportunities of tradiésdoetween power and output quality. The plot® @ive us details about the
spread in power values at different voltages/precesners.

Major issue 2: Your work is way too long. | alreaggt your idea after reading the introduction. Myggestion: Use the
introduction for an introduction of the backgrou¢iD lines on process variation, and less than lepaig the entire Bayer-to-RGB
conversion). Then describe the basic idea on 1g&pand the implementation on 1-2 pages. After thistuss the analytical and
numerical erros and the power, quality and yieldaswgements.

Answer:As per the reviewer’s suggestion, we have signitigamodified the contents of this paper. We hakertened several
parts of the paper, especially the introductionerapter Il and Ill. We have removed Fig. 8 andi@ich showed the filter windows
at scaled voltages (of the original transcript). léee also removed Fig. 12 from the Section IV.Ae Wéve, however, added new
areas of explanation and details (process sens$iRg;A implementation and trade off results) as welbwever, some
explanations/figures in the error computation atained because we feel it improves the readabilitiie paper. Also we strongly
believe that even after significant shortening etiails there is enough technical contribution tosider this as a regular paper.

Minor issues in order of occurrences:

Chap 1) Introduction already presents the entiread

Answer:We have reduced the size of the introduction anticses 11 and Il (by almost 1.5 pages). Howevee, wanted to present
the overall concept in the introduction itself fmhanced clarity. We provide the intricate detafldhe implementation in the
following sections.

Chap II) Needs to be much shorter

Answer:We have reduced the contents of Chapter Il andslivell.

Fig6,7,8,... These figures are absolutely redundarthe respective equations. Use not mor thanafrtkese RGB Figures
Answer:We have removed some figures and retained othepufposes of clarity. We have removed Fig. 8 angtfich showed
the filter windows at scaled voltages (of the ar@itranscript). We have retained Fig. 7 to expthim homogeneous and edge

concepts. We have significantly cut down on theimgiin Section Ill and condensed the entire fittgrand error analysis in a
single table. We have also removed Fig. 12 frontiGedV.A.
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Equation 3) Reformat (wrap inside a bracket, buuamrapped denominator)

Answer:We have reformatted Equation 3.

Page 6 First paragraph: Using the word ‘frequenicgte is absolutely irritating. Use a better termiiogy here (e.g. amplitude)
Answer:We have altered the “frequency” term by using #retintensity.

Page 6 error computation & Figure 7: Your error cpatation would be more meaningful, if you assuimat, the pixels follow a
narrow Gaussian distribution with the mean H andAvoid all the intermediate steps. (E.g. The useely knows, that

5+2*1/2-4-2=0). explain the error computation on@nd than give all errors in one table

Answer:We have made the error computation section moreiseiy retaining some relevant portions and cosidgrthe other
portions in a table

Fig 5,10,15: | can not see any difference: Enlagarall part or compute the error picture, or justie away the pictures
Answer:lt is necessary to keep some of these figuredustiibte the conceptslowever, as per the reviewer’s suggestion, we have

highlighted relevant parts of the figures (instefthe whole figures) to illustrate the quality dedation. In the revised version of
the paper the figure numbers were changed; Fititeecame Figure 8 and Figure 15 became Figure 13.

Figure 5b

We can observe artifacts on the images. As thei¥/ddaled, the images become blurred and the @gifae more pronounced. In
Fig. 10(d), it is observed that in addition to ft@c) artifacts, the letters (edges) become lesbleias well.

Figure 10c

Fig. 15 tries to highlight the deterioration of @ and image clarity, which become more blurredendrtifacts increase. Below
details of the obtained images at scaled Vdd vadweshown.

Figure 15b Figure 15¢ Figurel 15

Page 9: Critical path is not longer in the area sayversion? Than explain, where the 2-input midsipr is used then.

Answer: As the reviewer has noted the critical path in design is slightly longer than the base design bezaof the
mux-insertions. But we have noted in our Hspiceusations that this increase is very nominal.



