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Abstract — There has been a recent shift in design
paradigms, with many turning towards yield-driven
approaches to synthesize and design systems. A major cause
of this shift is the continual scaling of transistors, making
process variation impossible to ignore. Better than worst-
case (BTW) designs also exploit these variation effects,
while also addressing performance limits due to worst-case
analysis. In this paper we first present the variation-tolerant
stallable-FSM architecture, which provides fault detection
and recovery, allowing circuits to be clocked at better than
worst-case delays. Then we propose the BTW scheduler, a
0-1 integer linear programming (ILP) scheduling algorithm
with the objective of minimizing the expected latency, to
provide a high-level synthesis aid for the stallable-FSM
architecture. We implemented the algorithm and ran it
through many benchmarks, comparing the results with
scheduling algorithms based on worst-case analysis. Our
results were promising, showing up to 41% latency
reduction for the BTW scheduler, and up to 43% latency
reduction when combined with the variation-tolerant
architecture.

1. Introduction

Traditionally, deterministic worst-case analysis has
been used to estimate circuit performance. However, as
technology continued to scale and transistor sizes
decreased, concerns regarding the effects of process
variation have risen. In [2], the panelists addressed the idea
of variation-aware analysis, all agreeing that such a shift is
necessary and inevitable. Many have begun to use statistical
static timing analysis (SSTA) to model the delay and power
behavior of circuits, where the overall performance is
calculated by propagating distributions, rather than a fixed
delay. With the degree of variability increasing, worst-case
analysis will lead to overly conservative estimations,
resulting in excess allocation of resources. Figure 1 shows a
Gaussian distribution of the delay of a multiplier from [4].
If we assume a 5ns clock period, the worst-case analysis
will allocate 9 clock cycles for the operation to complete.
Yet it is evident that only about 15% of the time will the
operation actually take 9 clock cycles to complete, while
85% of the time the operation will complete within 8 clock
cycles in a fault environment with data variations.

Variable delays of a combinational functional unit can
be realized in asynchronous designs, as these designs
naturally use a ‘done’ signal to indicate the completion of a
computation. Special encodings can be used to represent
both the value and its validity [18]. An alternative is to use
current sensors in the circuit to detect the stability of signals
[19]. Nowick et al. proposed speculative completion, in
which predefined logic is used to determine the delay for a
particular input [20]. All these styles require nontrivial
additional logics or sensors.

In  Synchronous designs, variation awareness is
particularly relevant for high-level synthesis (HLS). HLS
has been a well-studied problem [11], commonly focusing
on data flow designs from
the behavior level and
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giving the designer more
opportunities for optimization and yield maximizing. ILP-
based methods, although known for its inability to scale to
larger problem sizes, have often been proposed to find the
optimal solution for high-level synthesis. Chaudhuri et al.
[15] gives a formal analysis of an ILP-based formulation,
and presents ways to reduce the computation time and
increase efficiency. In [11], ILP formulation was presented
as a solution for resource constraint scheduling; [16] uses an
ILP-based formulation to do scheduling and resource
binding for power optimization. The rising concern about
the effects of process variation has led to a number of
variation-aware ILP-based high-level synthesis frameworks.
An ILP formation that seeks to maximize reliability, given
area constraints, is presented in [13]; and in [14] a similar
ILP formulation is presented with the specific resource
binding constraints. In addition, [12] proposed a yield-
driven ILP formulation with the capability for both area
constrained yield optimization, or yield constrained area
minimization. Other non-ILP-based variation-aware high-
level synthesis methods have also been proposed. Xie et al.
[6] presented a simulated annealing (SA) based HLS
framework, where clock selection was included as part of
the synthesis flow. In [5], a SA based algorithm was also
used, but both the timing and power yield were taken into
consideration in the cost function of their synthesis flow. A
heuristic-based approach was presented in [4], pointing out
how operation binding can affect the total yield during
synthesis.

However, with yield-driven HLS algorithms, the
objective is set either to maximize or to satisfy the yield
constraint. In either case, although limited, the correctness
of the design could be compromised with the possibility of
timing fault. Our proposed research focuses on extending
the widely used synchronous design methodology to cope
with a high degree of variation, guaranteeing that the design
is free of timing faults at a given frequency. In particular,
we plan to develop a new methodology and the associated
synthesis tools to allow a synchronous design with its clock
operating at better than the worst-case delay [17]. The
stallable-FSM architecture, an architecture built on
methodologies proposed in [10], allows us to do this



because it is able to detect and correct faults. Our objective
is to minimize the expected latency, accounting for both
variation and fault recovery, producing a latency-optimized
variation-tolerant schedule. To the best of our knowledge,
this is the first time that such a scheduling problem is
formulated and studied. In addition, the variation-tolerant
architecture can improve circuit performance even in the
absence of process variation. As discussed in [7], different
inputs into the same gate will cause different levels of
switching, potentially resulting in varied propagation
delays. Thus we have every reason to believe that the better
than worst-case design approach will allow tremendous
performance improvement in coping with all types of
variation, including  environmental, process, and
propagation delay variations.

In this paper we specifically address the synthesis
methodology that caters to the specific properties of our
architecture. The rest of the paper is organized as follows:
First we describe the variation-tolerant architecture in
Section 2. Next, we formulate the better than worst-case
(BTW) scheduling problem in Section 3, and propose an
integer linear programming (ILP) based algorithm that
determines the most suitable variation-tolerant schedule in
Section 4. Our aim is to minimize the expected latency of
the design accounting for penalties introduced from fault
recovery. To determine the effectiveness of our proposal,
the BTW synthesis tool was performed on a set of
benchmarks, and the experimental results are discussed in
Section 5. Finally, we give our conclusion and discuss
further work in Section 6, and list out references in Section
7.

2. BTW Variation-Tolerant Architecture

The proposed approach to dealing with variation
tolerance builds on the Razor architecture [10], which was
originally developed to overcome both delay uncertainty in
microprocessor designs with the well-defined pipeline
architecture. Ernst et al. [10] presents a special Razor
register that is able to detect faults in a circuit when the
timing requirement of operations is not met. The idea is to
have an extra set of registers clocked with the delayed clock
that gives the operation extra time to compute the result.
Using these registers, the Razor architecture can detect if
one of the registers latches data which is not stabilized
during the given clock period, signaling an error, and
stalling the rest of the operations while propagating the
correct value from the extra set of registers. Razor
architecture was originally proposed for low power designs,
based on the idea that as one may dynamically lower the
voltage to a circuit, the Razor registers maybe be used to
tolerate timing faults. It can be observed, however, that the
same principles of this design can be applied more generally
to synchronous circuits when dealing with an aggressively
clocked circuit, allowing it to operate at a faster frequency,
yet recovering faults when detected with some penalties.

Using this idea, a “stallable finite state machine (FSM)
architecture” was proposed in [7], applying the ideas of
Razor to a general synchronous circuit controlled by a FSM.
With the stallable-FSM architecture, one may detect faults
that occur in the system, stall the FSM, and then recover the

faults detected. With every fault detected and corrected,
there will be 1 stall cycle penalty for the recovery cycle.
After the stall cycle the FSM will resume and continue with
the correct data value. Figure 2 shows a diagram of the
stallable FSM architecture.

E—

FSM combinational
logic

Error Signal

iH

State registers

Combinational logic

Stallable FIFO Buffer

2
=
7

Razor (input) registers

Razor (output) registers

Figure 2. Stallable-FSM architecture

It is also worthy to note that the architecture will fit in
well with the Globally Asynchronous Locally Synchronous
(GALs) architecture [8] for Network-on-Chip (NoC). In a
GALs architecture, two synchronous design blocks
communicate via a two-stage asynchronous FIFO, allowing
each block to operate on its own clock and pace. Thus, we
can perform BTW synthesis on a local block, allowing it to
operate at better than worst-case clock locally, and not
affect the rest of the design.

3. Preliminaries and Problem Formulation

In this section we will explain the problem definition
and the proposed ILP-based formulation for constraint
scheduling that takes into account fault correction and delay
variation.

A. Motivational example

There have been several variation-aware High-Level
Synthesis (HLS) algorithms proposed that seek to maximize
the timing yield of a circuit caused by process variation [4,
14]. However, our stallable-FSM architecture is free from
timing fault through fault recovery. As a result, we need
new scheduling algorithms that cater to the specific
properties of the stallable-FSM. For example, given the data
flow graph (DFG) shown in Figure 3, Figure 3a shows a
scheduling solution optimized for the worst-case delay
(assuming the multiplier takes two clock cycles in the worst
case). Applying better than worst-case design, we may
schedule the multiplication in a single clock cycle. A
latency-driven scheduling algorithm with timing yield
optimization (as the one in [14]) will lead to a new
scheduled DFG shown Figure 3b. However, we see that
with error correction, that schedule could potentially need
up to 7 clock cycles, including recovery if the multipliers in
clock cycles 1, 2, and 3 all fail (e.g, requiring 2 clock
cycles). The schedule in Figure 3c, which also uses 4 clock
cycles in the best-case scenario, will only use up to a
maximum of 6 clock cycles if all multipliers introduce



errors and need to be recovered. Hence we see the need for
a new objective in HLS for our fault-free architecture.
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B. Preliminaries

With a given frequency, we define timing yield as the
probability that a function unit will finish in the given
amount of clock cycles. The resource library contains
information regarding the delay distribution of function
units, in which we can easily determine the timing yield
with the given frequency and targeted clock cycles (e.g, in
Figure 1, the timing yield is .853 when we allocate 8 clock
cycles for the multiplier at 200MHz frequency). Next, we
introduce the idea of expected latency, which is the
expected clock cycles needed to carry out an iteration of the
intended circuit. Essentially, the goal is to minimize the
latency while factoring in possible stall cycles based the
timing yield.

To measure the expected latency of an operation o
given a frequency and the targeted clock cycles T, we use
the following equation:

Ef,T (0) =T pf,T (0)+(T +1)* pf,T (0) 1

where p; (0) is the timing yield of the operation.
When operation o does not complete with the allocated
delay, then an extra stall cycle is allocated for the operation
to complete. For example, if operation A is targeted to
finish in 1 clock cycle and has a timing yield of 0.7, then the
expected latency of the operation will be (0.7 * 1) + (0.3 *
2) = 1.3, since 70% of the time the operation will complete
in 1 clock cycle, and 30% of the time we will need to use
the extra stall cycle to recover a fault, needing 2 clock
cycles total. Currently, due to the nature of our architecture,
we can only recover timing faults up to a difference of 1
clock cycle from the targeted clock cycle.

To find the expected latency of a circuit, we calculate
the expected latency of each clock cycle state, and then sum
them all up. For each clock cycle state t, the yield is now the
probability of all operations in this cycle completing on-
time, and the targeted number of clock cycles is always 1
(we now use p(t) and E(t) instead of pr4(t) and Eg4(t) since
our formulation assumes a fixed frequency and targeted
clock cycle is given). For an example, suppose a scheduled
set of operations and resource library at a certain frequency

is given in Figure 4. For clock cycle state 1, the expected
value E(1) is calculated as follows:

p(@) = p(A)* p(B) =0.63
p(@ =1- p(1) =0.37
EQ) =1* p(1) + 2* p(1) =1.37

The same calculations can be applied for clock cycle
states 2 and 3 to find E(2) = 1.2, E(3) = 1. So the total
expected latency of this circuit will be E(1) + E(2) + E(3) =
3.57. This can be interpreted as the circuit taking
approximately 7 clock cycles to complete 2 iterations,
introducing 1 error (based on the vyield) that will be
corrected.
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C. Problem Formulation

With the variation-tolerant architecture described in
Section 2 and the calculation of the expected latency
described in Section 3b, we can formulate the better than
worst-case (BTW) scheduling problem as follows:

Given: (1) a data flow graph (DFG) G(V, E) which
represents the operations and dependencies in the circuit;
(2) a set of scheduling constraints C, which includes
dependency constraints, resource constraints, latency
constraints and assignment constraints; (3) a resource
library R containing the targeted clock cycle and yield of
function units (can be calculated based on frequency and
delay distribution).

Goal: Construct the state transition graph (STG) so
that every operation is assigned to at least one state in the
STG, all constraints in C are satisfied, and the expected
latency of the circuit under the stallable FSM architecture is
minimized.

4. Variation-Tolerant ILP Formulation
We are now ready to give the ILP formulation of our
BTW scheduler. Table 1 lists the constants and the variables

used in our formulation.

A. Variable Definition



For our ILP formulation, we define two types of binary
variables x and e, and one integer variable T:

e x(0, t) : the last cycle of an operation o is

scheduled at clock cycle t.

e ¢e(0) : operation o will not be given slack to

guarantee its correctness.

e T: the final latency (in clock cycles) of our

scheduled circuit.

Decision variable x(o, t) was selected to be the last
cycle of an operation because the stall recovery cycle
always happens on the cycle after the last targeted cycle. So
even if you have a multi-cycle operation, a fault will only
be introduced after the last targeted cycle, so all the
previous cycles have 100% probability of finishing on time
in their respective scheduled cycles (e.g, in figure 3b, if the
multiplier were a 2-cycle operation with 0.9 yield, the first
clock cycle of the 2-cycle multiplier has a yield of 1, while
the second cycle will have the 0.9 yield). Variable e(0) is
the decision variable to decide whether there will be an
opportunity for operation o to use extra slack as its recovery
stall cycle. If e(0) = 1, that means no slack is given and the
operation o is expected to complete in the given amount of
cycles. If e(o) = 0, the operation will utilize time slack in
the schedule and allocate an extra stall cycle for the
operation to complete, making the yield of the operation 1
and increasing the delay of the operation by 1 extra cycle. If
the timing yield of an operation o was originally 1, then e(0)
will automatically be set to 1. The integer variable T is the
minimized latency in our final scheduled circuit when no
timing fault occurs.

B. Constraint Generation

The first constraint that needs to be accounted for is
the assignment constraint, which is expressed in the
Equation (2)

L
vo:) x(0,)=1  0e[,Ny,] @
t=1

This means that each operation can only be scheduled
in one clock cycle state. Next, Equation (3) is added to
enforce the latency constraint, assuring that operations will
not be scheduled over the final latency as we will minimize
T.

1 ®

ops

VO:(l—e(o))+ZL:t*x(o,t)gT oe[LN

(1-e(0)) signifies the fact that if e(0) is 1, then no time
slack will be given, so we don’t need to account for an extra
cycle. However, if e(0) is 0, then we will need to account
for the extra slack cycle given. Precedence constraints are
enforced through Equation (4). The equation states that the
number of clock cycles between a pair of dependent
operations (Src, Des) has to be greater than the delay of the
destination operation plus the potential that the source
operation might be given time slack.

Notion Type Definition
Index Clock cycle stage
0 Index Operation number
r Index Type of resource
R Library Resource library
L Constant Estimated latency
Nops Constant Number of operations
Ny Constant Number of types of resources
p(0) Constant Yield of operation o from library
D(0) Constant Latency of operation o from library
T Integer Total minimized latency
Variable
x(o, t) Binary Assignment variable signifying that
Variable operation x will complete in cycle t
e(0) Binary Whether operation o is allocated
Variable slack time. (1 =no, 0 =yes)
Q(o, 1) Binary Q(o, t) = x(o, t) & e(0)
Variable
Q(o, o', | Binary Q(0,0’, ) =Q(0,t) & Q(0’, 1)
t) Variable
Table 1 Variables used in ILP formulation
V(01 0ges) € G(V, E): @

it * X(Odes ! t) - it * X(Osrc ' t) 2 D(Odes) + (1_ e(osrc ))

Finally, it is also possible to add resource constraints
into our formulation. In order to ensure correctness with
resource sharing, the worst-case delay for each resource
with a yield has to be used as the parameter instead of the
targeted delay (see Section 5A). The method of resource
binding and sharing is beyond the scope of this paper, but a
resource constraint is modeled in Equation (5) for resources
with vyield, and Equation (6) for resources that are
guaranteed to complete. D(r) is the targeted delay of the
resource.

t+D(r)-1 Nop

vrt: D > x, ) <N,

j=t-1 o=l

Le[Ltlirer,, ©

yield

t+D(r)-1 Nop

vrt: D Y x, ) <N,

j=t o=l

Le[Lt]ir e Ry (6)

C. Objective Function

The objective of the BTW scheduler is to minimize the
expected latency of our schedule. As defined in Section 3b,
expected latency is the sum of the expected latency in all
clock cycle states. Each clock cycle state’s expected latency
E(t) was stated in Equation (1), but here we simplify it in
Equation (7):

E(t) = Wp(®) +(2* p(D))
= p(t) +2(1- p() =2 p(t)

Now we can formulate our objective function as follows:

0]



min iE(t):ZT—i p(t) 8)

As defined in Section 3b, p(t) is the probability that all
operations in clock cycle state t complete without fault. To
find p(t), we use Equation (9) :

Ups

p(t) = H(l x(0,t)*e(0)* p(0)) ©)

This equation states that for all operations, if the
operation is cycled at time t and given no slack for the stall
cycle, then multiply the current expression by p(o). If the
operation is not scheduled at this cycle, or is given slack so
the yield is now 1, or the operation itself has yield 1, then
just multiply the current expression by 1, bypassing this
operation (anything multiplied by 1 equals itself).

However, since integer linear programming is used,
we need to linearize p(t). First, because x(o, t) and e(0) are
both binary variables, we can linearize the expression x(o,
t)*e(0) with the technique presented in [12]. This allows us
to replace x(o, t) * e(o) with Q(o, t) as stated in Equation
(10).

vo,t: x(o,t)+e(0)—-1<Q(o,t) 10)
Q(o,t) < x(o,t) ; Q(o,t) <e(o)
In addition, Equation (9) can be multiplied out into

Equation (11).

ops

p(t)=1- ZQ(O t)*p(0) +

Z fo(ol £)*Q(02,1)* p(o1) p(02) -

Z > ZQ(Olt)*Q(OZt)*Q(03 t)* p(0) p(02) p(03) +...

01=102=01+103=02+1

1)

Note that the coefficient of the terms is the probability
that all the operations involve failing, and this will
gradually get smaller due to more operations becoming
involved. We see that for the coefficients of third order-
terms, if the probability of each operation failing is 0.1, the
coefficient would already be around 0.001, which is pretty
insignificant. Therefore, we choose to ignore the terms from
the third order and beyond, looking at only the first-order
term and second-order term. Our objective function now
becomes Equation (12) (the summation of clock cycle states
can go up to L instead of T because all Q(o, t) in between
time [T, L] will be zero):

L Nops
min2T =T + > Q(o,t)* p(0) +
t=1 o=1
NOpS NUpS

ZZ > Q(0L,t)*Q(02,t)* p(ol) p(02)

t=1 01-102-01+1
(12)

In addition, the first-order terms in our objective
function can be simplified due to Equation (2). This is
shown in Equation (13):

ZZ (0,)* p(0) =

ops

ZZX(O t)*e(0)* p(0)

=Ze(o)* (O)Zx(o t) = fe(O)* p(0)
(13)

So combining Equations (12) and (13), our objective
function is finalized to be:

min T +§ie(o)*@—
| 0=l (14)
ZZ ZQ(ol 02,t)* p(0l) p(02)

t ol=l02=01+1

Notice we use the same method as Equation (10) to
linearize Q(01, t) * Q(02, t). Intuitively, the first term is the
final latency we seek to minimize. The second term
expresses that the more slack we can find for operations, the
better the object function becomes. The third term indicates
that when you have 2 operations scheduled on the same
cycle, you will have a smaller result, thus rewarding the
decision to schedule operations in parallel.

5. Experimental Results

In this section we present the experimental results of
our ILP scheduling. We first show the results of our BTW
scheduler on a set of high-level synthesis benchmarks. Then
we validate our variation-tolerant architecture by
implementing the synthesis of the DES design onto Altera’s
Development and Education Board 2, which has a Cyclone
11 (2C35) FPGA [1].

A . BTW Scheduler Results

To implement our BTW scheduler, we leveraged the
xPilot behavioral synthesis framework [3]. We ran the BTW
scheduling algorithm using a PC with an Intel Xeon
2.40GHz processor on a set of high-level synthesis
benchmarks: differential equation solver (DES); 16-point
elliptic wave filter (EWF); FFT filter; FIR16 filter; and
autoregressive lattice filter (AR). We used the resource
library from [14] to run our experiments, with each function



unit’s delay distribution characterized in SPICE with the
Monte Carlo method to model both intra-die and inter-die
variations. Due to their formulation’s dependence on
resource binding to maximize yield, [14] uses a set of
adders and multipliers to perform synthesis. Our
formulation is independent of resource binding, and thus
needs only one type of resource for each type of operation.
We chose to use adder 1 and multiplier 1 in our experiment
(shown in Table 2); however, any delay distribution can be
used in our algorithm.

In Table 3 we show the results of our scheduler with
resource constraints set at 4 multipliers and 4 adders. We
compared our results to schedules using the worst-case
deterministic delay (WC) performed by giving our ILP
scheduler resources with the worst-case delays (Table 2).
Due to concerns with the scalability of problem sizes for
ILP, we also included the run time of each experiment (in
seconds) in the last column. BTW is the minimum latency
scheduled for the DFG to complete if there are no faults;
BTW-exp is the expected latency for the DFG when
factoring the possibility of encountering stall cycles for
fault recovery. When comparing the expected latency verses
the worst-case latency, up to 30.65% latency reduction, with
an average around 22% reduction, was achieved using our
scheduler.

Currently, a limitation of our architecture is in
resource sharing. When resource constraint is imposed and
a function unit is shared by multiple operations, the worst-
case time has to be allocated for each function unit to
complete an operation before the next scheduled operation
can use that function unit. This is because our fault
detection and recovery hinges on the extra cycle to check
for faults. If the next operation changes the inputs to the
function unit, there would not be enough time to perform
fault detection. Hence, when compared to yield-driven

Resource Latency | Yield
Adder (BTW) 1(cc) 09
Multiplier (BTW) 4(cc) | 092
Adder (worst-case) 2(co) 1
Muitiplier (worst-case) | 5 (cc) 1
Table 2. BTW resource library Figure 6. DES board design

schedulers such as [14] where correctness is not guaranteed,
we are not able to achieve as high of a reduction rate.
However, in Table 4 we display results for our synthesis
when there are no resource constraints, showing an increase
of up to 41.4% reduction, with FFT doubling its latency
reduction. This shows if that we could explore different
ways of resource sharing and binding, our results could be
greatly improved.

B. Validation on Cyclone Il (2C35) FPGA Board Results

To validate the effectiveness of our architecture, we
used our BTW scheduler to implement the DES benchmark
on Altera’s Cyclone 1l (2C35) FPGA board. We set a 1
clock cycle worst-case delay for a 32-bit adder, and 2 clock
cycle worst-case delay for a 16x16 bit multiplier, and
targeted a 1 clock cycle completion time (introducing
timing yield) for the multiplier. For the purpose of this

design, we did not allow resource sharing, and assumed
there were no pipeline operations. Therefore, we simplified
the Razor register in the variation-tolerant architecture into
the recovery register shown in Figure 5a. The timing
diagram of the register when fault is presented is shown in
Figure 5b.
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The scheduling result from the BTW scheduler is
shown in Figure 6. We then used Altera’s Quartus Il v 6.0
to conduct RTL synthesis and physical design. The timing
analysis tool from Quartus Il gave us a worst-case delay of
15.06 ns. To test the design, we used a random set of 2048
input vectors and clocked the design at better than worst-
case frequencies. Table 5 lists the clock periods that we
allowed the design to use and the total latency needed to run
through the set of input vectors and produce the correct
results. As can be observed from this table, an increase in
frequency causes a more frequent detection and correction
of faults. However, at a certain point, as we are running at a
higher frequency, the overall latency is reduced even though
extra stall cycles are introduced to recover fault. Our
architecture shows an encouraging result of at most nearly
43.5% latency reduction compared to using the worst-case
analysis from the Quartus timing analysis (row 1 in Figure
5). This shows that our architecture will indeed allow us to
efficiently perform at a better than worst-case frequency.

However, one thing worth noting is that we were able
to clock the design all the way down to about 9.6 ns before
faults were detected. This can most likely be attributed to
the following:

1. Chip manufactures usually overcome process variation
by selling chips at different speed grades. It is very
likely that the board is one of the higher speed grades,
making the worst-case analysis overly conservative.

2. The worst-case analysis considers  extreme
environmental settings, like high temperature, supply
voltage fluctuation, etc., while these scenarios do not
occur in our experiments.

3. We only performed tests on 2048 different input
vectors out of the millions of possible combinations. It
is very likely that the multiplier was able to complete
the operations without causing switching in the later
stages of the cycle.

Even when comparing with the optimistic assumption that
the circuit in our experiment can be clocked at 9.6ns
without introducing faults, the mechanism of fault detection
and correction provides about 9.5% latency reduction. In



practice, determining the tight bound for worst-case delay
for each individual chip can be nontrivial and requires a lot
of testing; thus the ability to dynamically provide higher
performance when faults do not occur very often is
desirable.

6. Conclusion and Future Work

In this paper we presented an ILP-based BTW
scheduler that caters to the specific need of variation-
tolerant architectures, and the experiment results
demonstrate the effectiveness of better than worst-case
designs. However, the ILP scheduling solution is known to
be difficult for scaling to large problem sizes. We are
continuing to explore opportunities for more scalable
solutions. One possible direction is to use LP
approximation, and then use the ordering of the scheduling
variables as inputs to more scalable heuristics, including the
use of the SDC scheduling solution [9]. We also plan to
extend the BTW scheduling problem to CDFGs and
develop efficient solutions. Another degree of freedom we
may explore in scheduling for the stallable-FSM
architecture is clock period selection, as the clock period is
no longer constrained by the longest path of operations
scheduled in each clock cycle. With the delay distribution
of each function unit, clock period selection will directly
affect the error probability of each operation, which can
significantly affect the outcome of the total expected
latency, as shown in Section 5b. Therefore, we are looking
to include clock selection in our HLS flow to minimize the
total expected latency of the circuit.

8.33 395 8587 71.52971 41.87%
8.18 602 8794 71.93492 41.54%
8 2053 | 10245 81.96 33.39%
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