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Abstract—Manufacturing process variations (PV) of transis-  TEcHNOLOGY SCALING PREDICTIONS FOR THE ENBDF-CMOSERA [2].

tors in the deep-submicron regime present the single biggest

arrays, GPUs, and FPGAs. However, there are a few applications
in signal processing, such as image processing, and speech pro

cessing, where errors in computation by the underlying hardware ngh \f/OILtJm.e 2006 | 2008 20101 2012 2014] 2016 2018
could be tolerated or corrected off-line with readily available anutacturing

image restoration algorithms. In this paper, we qualitatively [ Technology [ 65 [45 [32 [22 [16 [11 |8
and quantitatively evaluate the effect of process variation in | node

the underlying hardware (for different technology nodes) on a | Integration | 4 8 16 |32 [ 64 | 128 | 256
high level application program such as image processing. We | capacity

rely on gate level simulation, of the data-path of an image | Delay= % ~0.7| >0.7| Delay scaling will slow down
processor comprising of a dedicated multiply-accumulate (MAC) | scaling

array of size 256 x 256, with individual gate delays of the Energy/Logic| >0.5| >0.5| Energy scaling will slow down
processor sampled from a delay distribution as appropriate for | Op scaling

each technology node. Our results show that processing images| Variability Medium High [ Very High

_ n re sent MANUFACTURING PROCESS VARIATION IS PROJECTED AS THE SINGLE
design challenge for large die size VLSI circuits such as processor BIGGEST IMPEDIMENT FOR PERFORMANCE AND ENERGY IMPROVEMENT
WITH DEVICE SCALING.

with PV degraded hardware in technologies beyond 65nm is
discernible to the human eye; image quality degrades further . . . . .

at 45nm, and is of unacceptable quality at 32nm and beyond. insightful discussion on the trends in frequency and veltag
We also use image restoration algorithms to restore the images scaling in the face of increased process variation in add@nc

corrupted due to processing on PV degraded hardware. Our CMOS technology nodes. Table | (reproduced from [2]) shows
{%Sa‘gtess %ﬁg‘é"estggé "V‘cltt'?] f]tigﬂdfg\‘/jeI;eztfog‘\t/"’?asa'i%‘)gg‘rm)v Sven  scaling trends in CMOS and its impact on energy, and speed in
restored to almost the same quality as the image processed on'[he advancgd CMOS n_odes. _It predicts Va”ab'“ty In tra05|§
fault-free hardware. characteristics, both within-die and across dice as thglesin
most important impediment to performance gains in highly
I. INTRODUCTION scaled CMOS nodes. Variability in transistor charactesst

Scaling of MOS transistor dimensions (thanks to MooreWithin the chip has led to a few gates (also referred to in
law) has led to a steady increase in functions offered Hjjerature as “outliers”), located at spatially disjointchtions
microprocessor chips. Additionally, the performance fmresi) t0 offer delays that are significantly higher, and in manyesas
offered by these scaled devices has also been exponentitligse “outlier” gates lie on the critical path, or paths that
increasing. The unprecedented growth in performance of cowould nominally (without any process variation) have had
puters, however, has come at a price of an exponential isereglelays that are comparable to critical path delay. Presence
in power density (power per unit area). After a point, royghlof an “outlier” on critical path or close to critical-pathaéds
starting from the later half of the last decade, manufacsurdo an abrupt increase in the delay offered by these paths,
have restrained from increasing the operating frequency @fnsequently reducing the maximum operable frequency at
microprocessor chips. This stalling in frequency has preahp Which functionality of the circuit is guaranteed to be cetre
microprocessor industry to shift to an alternative conmmuti However, if one can trade functionality for speed, that is,
paradigm such as parallel computing, where individual coriinder the assumption that only a few paths may have these
puters perform at a slower rate, but manage to accompligitiiers,” then we should still be able to operate the dircu
functional tasks concurrently to be counted as an individudt its maximum speed (as if there were no process variation)
computer operating at a much faster rate (being roughlyleq@ibi with a few errors.
to number of parallel processors operating frequency of The objective of this work is to evaluate the impact of such
individual processor). an “un-guaranteed performance” when we operate circuits at

Another possible route to mitigate the increase in power rate faster than they assuredly can. We use applications
density with successive generations of a microprocesspr chin image processing to evaluate the degradation in quality
without stalling frequency scaling, is to downscale thepdyip of output images processed using hardware afflicted with
voltage. Such a scaling model is popularly referred to @sndom process variation. Human eyes can be quite forgiving
constant electric field scaling [1]. on the quality of images that it sees, and image processing,

Regardless of the route taken to minimize power densitye believe, is among the suitable candidates which can be
to keep up the performance gains, the semiconductor indudtied implementing on hardware that no longer guarantees
is beginning to hit a road-block attributed to increased manfunctional correctness.
facturing process related variations. Reference [2] prissan The paper is organized as follows. Section Il describes the



impact of process related threshold voltage variation orOSM technology is advancing. This variation in threshold vgpéta
gate delay. Details of the signal processing fabric built tand delay as a function of technology is summarized in the plo
model process variation and a numerical model to captwkown in Figure 2. With the passage of technology, varigbili
functional violations due to process variation is presgntén transistors is consistently worsening the delay distidn

in section Ill. Section IV presents a comparison of imagef transistors. That is to say a bigger fraction of transstaill
quality obtained by performing common image processirfgll outside the margins of delay, than the circuit was desth
tasks on this signal processing fabric—with, and withoit, Pto handle. To ensure that the circuit functions correctlg, w
degradation. Section V discusses the restoration of imades/e to reduce the maximum frequency at which the circuit
processed on hardware perturbed with process variati@enois operated. This leads to a loss in performance/speededffer
We conclude in section VI. by the circuit.

II. MODELING PROCESSVARIATION Vi %(c /1) = 14.1421 L=45nm Delay % (o /) = 165287 L=45nm
140 160
A. Threshold Voltage Variation

Process variation is a term used in the very large scale in
gration (VLSI) literature to refer to random local variatiof 100
characteristics of two or more transistors that are on theesa
die that are ideally expected to have identical charadiesis (A)
Sources of random variation in an integrated circuit, idelu
(but are not limited to) fluctuation in the number of dopar
atoms in the channel of metal oxide semiconductor (MO!
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transistor, and edge roughness of the laser beam useddg-lith £ 2

raphy. These manufacturing process variations are eftdygti ,

captured at the MOS transistor device level as variation Bieaos” os Tosasor S S -
the threshold voltagelt,) of the MOS transistors. Recent vy o )= 16,8170 L=32mm ety % (o= 21,6455 L-d20m
research [3] has shown that the threshold voltage variati 140 160

can be modeled as a normal distributio ey ¢, 0%,;,) With
variance §%.,,,), normalized with respect to its mean value i
given by
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where K is proportionality constant that depends on oxid
thickness and doping concentration.
W, L are width and length of MOS transistor.
Plugging in typical numbers for all quantities above, assigm
90nm technology, we hav&” = 8.797 x 10~m, L = 45nm, 02 03 04 Tos o5 o7 50 R R
W = 130nm, which results in a normalized threshold voltag. !
variance of% = 6.31%.
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o o ) Fig. 1. Histogram of threshold voltage and delay for charieegths (A)
B. Impact of Threshold Voltage Variation on Circuit Function-  L=45nm, and (B) L=32nm.

ality and Performance
Delay t4, offered by a logic gate constructed using MO

transistors is related to threshold voltage of its constitu 0.35 ‘ ‘ ‘ ‘ \ \ \
transistors as follows —o— delay,
V 0.3F —+— threshold voltage, Vth|
DD
tyg= ——————tpo 2
(VDD - Vth)a ( ) 0.25

wheretpg = delay (ns) offered by a gate constructed usin
zero threshold voltage transistors

Vbp = supply voltage (volt)

Vi, = threshold voltage of MOS transistor (volt)

0.2

olp

Delay variation increasing at a higher rate
than variation in threshold voltage with technolog;

0.15F

a = MOS device parameter, value is between 1 and 2. F o1l
more advanced technologies, this parameter is closer to 1
Now, if there is variation in threshold voltage, that cal 0.05}
be modeled by a Gaussian random variable as describec
the earlier section II-A, then the distribution i follows a % 2 o0 80 100 10 10 10 180
distribution, that can be obtained by using the random bégia Technology, L(nm)

transformation specified in equation (2). Plots in Figure 1

show the hIStOQram of threshold VOltagE’() and maximum Fig. 2. Variation of delay and threshold voltage as a fumcGdbMOS channel

delay ¢,) offered by 1000 instances Qf an inverter built inength. Notice that as transistors get smaller, the norndhliziability in
L = 45nm and 32nm. It can be noticed from these plotdelay offered by a logic gate (here an inverter) is incregsin

that the variation in delay is progressively degrading as th



IIl. LESS THANACCURATE COMPUTING Normal distributionof Ve, " et ermers.

A. Related work 1 Delayin 1 Statistics
As we saw in the previous section, manufacturing variations Z1N ciI::gulicts J/\\ bt

in the device tends to slow down a circuit/gate. However, Yoo Fock

if we choose to operate transistors at the same speed dis- 0/1 thresholding due to

regarding the prevalent process variation, then the faneti flip flop metastability

ality of the circuit in question is no longer guaranteed to Only D e e s eorrect,

be correct. In literature [4], [5], we find references to a ) ) ) )
paracigm where reliable computing is suggested on unteliaf 3, Beck degram shonng e PO of dirent ot o
hardware. “Soft DSP” techniques such as algorithmic noigg aigorithmic level).

tolerance (ANT) [6] have been proposed to alleviate the Thpa

of degradation in results arising from process variatioms i

advanced CMOS technologies. Another interesting model USE  Software Emulation
for emulating probabilistic switching is due to Palem [7].

None of the prior research has considered image processinyVe build a signal processing fabric to deal with images of
as a specific application for computing with process variati Size 256<256 pixels. PV is captured in software as follows:
degraded hardware. The work presented in this paper is \&fe emulate a 256x 256 array of 8-bitadd-store units.
investigation of the impact of process variation on commdpach add-store unit in turn consists of cascaded chain of 1
image processing tasks. We first model the process paraméigrfull adders to function as 8-bit adder with their outputs
variations in the underlying hardware. To do this, we assurgennected to 8-bit register as shown in Figure 4. The fuleadd

a hardware structure comprised of an array of multiply-angonsists of AND-OR logic gates, whose delays are sampled
accumulate (MAC) units. Each of these MAC units consisfsom delay distribution described in section IlI-B. We use
of gates with variable delays, whose values are sampled fréhese arrays ofidd-store units to perform eight bit arithmetic
the distribution in the plots shown in Figure 1 for technglogoperations such as addition and subtraction. Multiplaati

corresponding to 45nm. is achieved by repeated addition. Further, if any arithmeti
operation results in a value in excess of 255, Had-store
B. Putting Together the Basic Building Blocks elements are designed to saturate to 255, thus mimickirtg rea

Addition and multiplication are two basic operations nekdeVord scenario where 8-bit gray scale images have a maximum

for most image processing tasks. For example, convolutiAtensity level of 255. For simplicity, we do not use color
which is a commonly used operation involves a series Bpages and restrict ourselves to the use of gray scale images
multiply-accumulate operations of its two inputs. Therefo " &ll our experiments, as we shall see in the sequel.
we build routines in MATLAB for 8 bit addition and multi-
plication, while incorporating faulty behavior as illusted in IV. EXPERIMENTAL RESULTS AND DISCUSSION
Figure 3. Each bit location is assumed to have been computegve conducted a low pass filter operation on two test images
through a cascaded chain of logic gates. The delay of the gatgameraman” and “baby face”. For both the test images, we
in each of these gates is sampled from Figure 1, dependingrepeated the experiment with and without process variation
the technology used for hardware emulation. Process i@riatFor low pass filtering, we used the mask:
noise added output;, can be related to its input, by a non-
linear functionf that is defined as in equation 3. _ 11

5—.25><(1 1) 7

y=f(x) ©)

Where

1-bit Full Adder

@ =brbebsbabsbabiby oy =bLbLbLY, VLB, b, (4)

and in general, foral =1---7

Oorl for tq>tawm with equal probability

/ by for tq <tan
b, = ,

) ,
where t, is the actual delay offered by the bit line anc| o/ W
ta:n is the threshold delay beyond which the bit line entel omea 0N N N
a meta-stable state, and the final value that the line sett A L
to, can be either 0 or 1 with equal likelihood. The numbe U

chosen fottg ., is usually the delay offered by a gate that ha
its threshold voltage at 3 times theg-,;, away from the mean EIIREEE
value V;,,, given by

Unit
element

8-bit Add-Store Unit

ld,th = td|Vth:Vtho+30-V”l (6) Fig. 4. Synthesis 0256 x 256 MAC array, with PV noise added for software
emulation of PV degraded hardware.




used to reliably recover images processed on PV degraded
hardware. Being able to resiliently compute on process vari
ation degraded hardware will allow the extension of Moore’s
law into the late CMOS era, and its consequent benefits in
continued frequency upscaling, while keeping dynamic powe
density almost constant. An important direction of future
research is in developing filters and algorithms thataavare

of the fact that underlying hardware is “bad,” and factoris th

in as it accomplishes its intended function.
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pass filtering, we used the mask: m
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. IMAGE RESTORATION Highp'a‘:issfliltered image High pass filtered image Restored Image
With the use of available median filters published in lit oniceal computer  an ’;"*’g“"e‘“°m"““" |

erature [8], [9], we were able to filter out the salt-peppe

noise resulting from computation performed on PV degrads

hardware. The filtered images are shown in figures 5 and ¢
VI. CONCLUSION AND FUTURE WORK

In this paper we developed a high level functional modkt

for transistor manufacturing process variations, and ukied 4 \ -
model to study its impact on common image processing tas Tem s =
such as spatial low pass filtering and high pass filterin Original Image

We found that process variation induced delay variability

; ; ; ; . 6. “Baby-face” images with processing (edge enhancememtied
In computing elements used for Image processing tasks VY)IR on hardware with and without process variation. Prog@sstion noise

usually result in “salt and pepper” type of noise at the imagfded is equivalent to the model developed for 45nm techgaiode (delay
output. Further, we find enough examples in literature @], [ o/« = 6.5%). The restored image using a median filter is also shown in the
[10?on robust salt and pepper noise filters. Such filtersgwefigure.



