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Abstract—By assigning intentional clock arrival times to the sequential
elements in a circuit, clock skew scheduling (CSS) techniques can be
utilized to improve IC performance. Existing CSS solutions work in
a conservative manner that guarantees “always correct” computation,
and hence their effectiveness is greatly challenged by the ever-increasing
process variation effects. By allowing infrequent timing errors and
recovering from them with minor performance impact, timing speculation
techniques such as Razor have gained wide interests from both academia
and industry. In this work, we formulate the clock skew scheduling
problem for circuits equipped with timing speculation capability and
propose a novel CSS algorithm based on gradient-descent method.
Experimental results on various benchmark circuits demonstrate the
effectiveness of our proposed methodology.

I. I NTRODUCTION
Clock skew scheduling (CSS), which treats clock skew as a
manageable resource instead of design liability, is an effective technique to improve IC performance, by assigning intentional clock
arrival times to internal flip-flops (FFs). Earlier works in this domain (e.g., [1–3, 5]) focused on clock period reduction to maximize
IC timing performance. With technology scaling, process variation
has become a serious concern for circuit design and the earlier
performance-driven CSS solutions may result in low manufacturing
yield due to timing uncertainty caused by process variation. Consequently, various yield-driven CSS techniques (e.g., [4, 6, 7]) were
developed to maximize timing yield under a certain clock period.
Despite the different design objectives and optimization methods,
a common design constraint of existing CSS techniques is that they
need to guarantee the timing correctness of the circuit after skew
adjustment, even in the worst case scenario. The ever-increasing
process variation effects hence pose serious challenges for these
techniques since a large timing guard band has to be reserved to
tolerate timing uncertainty, leading to rather limited performance
improvement room for CSS techniques.
By allowing infrequent timing errors and achieving timing error
resilience with error detection and correction techniques, timing
speculation techniques such as Razor [8] enable highly energyefficient “better than worst-case” designs, and hence have attracted
lots of attention from both academia and industry [9–14]. For circuits
equipped with timing speculation capability, since there is no need to
guarantee “always correct” operation in such designs, we can afford
to have more aggressive skew optimization strategies to improve
circuit performance without necessarily reserving timing guard bands.
Recently, a post-silicon clock skew tuning framework [15] has been
c
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proposed to manipulate timing slacks of different FFs according
to collected timing error information at runtime. However, how to
conduct pre-silicon clock skew scheduling at design stage for such
timing speculated designs, to the best of our knowledge, has not been
studied in the literature yet. The pre-silicon clock skew scheduling
work investigated in this paper can be easily combined with the postsilicon clock skew tuning work.
Motivated by the above, in this paper, we first develop a general
formulation of CSS problem for circuits with timing speculation
capability, wherein timing error rate and its corresponding impact are
explicitly considered. We then propose a novel clock skew scheduling
algorithm based on gradient-descent method (GDM) to tackle this
problem. As shown in experimental results on various benchmark
circuits, our proposed technique is able to significantly reduce the
overall timing error rate of the circuit, thus dramatically improving
its throughput.
The remainder of this paper is organized as follows. In Section II,
we present the preliminaries and related works. The problem formulation for CSS with timing speculation explicitly considered and
the corresponding GDM-based skew scheduling algorithm are then
detailed in Section III and Section IV, respectively. Next, Section V
presents our experimental results on various benchmark circuits.
Finally, Section VI concludes this paper.
II. P RELIMINARIES AND M OTIVATION
A. Background on Clock Skew Scheduling
A synchronous circuit (see Fig. 1 for a simple example) with edgetriggered storage elements (e.g., flip-flops) can usually be modeled
as a directed graph 𝐺(𝑉, 𝐸) as depicted in Fig. 2. In Fig. 1, the
squares represent FFs and the circles represent combinational logics.
In the timing constraint graph as shown in Fig. 2, each node (𝑣𝑖 ∈ 𝑉 )
represents a FF and each arc (𝑒𝑖𝑗 ∈ 𝐸) represents the longest/shortest
path from 𝐹 𝐹𝑖 to 𝐹 𝐹𝑗 .
Let 𝑠𝑖 be the clock arrival time of 𝑣𝑖 , and 𝐷𝑖𝑗 and 𝑑𝑖𝑗 be the
maximum and minimum path delays of 𝑒𝑖𝑗 respectively, the setuptime and hold-time constraints of traditional CSS problem without
timing speculation are as below,
𝑠𝑖 − 𝑠𝑗 ≤ 𝑇𝑐𝑝 − 𝑇𝑠𝑒𝑡𝑢𝑝 − 𝐷𝑖𝑗

,

𝑠𝑖 − 𝑠𝑗 ≥ 𝑇ℎ𝑜𝑙𝑑 − 𝑑𝑖𝑗

,

(1)

where 𝑇𝑐𝑝 is the clock period, and 𝑇𝑠𝑒𝑡𝑢𝑝 and 𝑇ℎ𝑜𝑙𝑑 are the setup
time and the hold time of FFs, respectively. In order to solve this CSS
problem using a graph-theoretic approach, these timing constraints
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A simple example of synchronous digital circuit.
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modeled the variations on critical path delays with a single variable
and transformed the yield optimization problem to a minimum
mean cycle problem to guarantee safety margins. In [6], the authors
modeled the problem as a minimum cost-to-time ratio problem by
introducing variance of path delay distribution into the feasible skew
region to consider the statistical difference of critical path delays.
Recently in [7], the authors argued that all prior works cannot handle
non-Gaussian critical path delays, and hence proposed a formulation
of yield-driven clock skew scheduling technique under non-Gaussian
variations.
The above works all try to conduct CSS with the guarantee that
there would never be timing errors to occur. With this serious promise,
the traditional CSS has to reserve a rather large timing guard band,
which limits the benefits brought by conducting CSS.

54

Timing constraint graph of circuit example.

would usually be presented in timing constraint graph (see Fig. 2) by
replacing the hold time constraint of the path from 𝐹 𝐹𝑖 to 𝐹 𝐹𝑗 with
edge weight 𝑤𝑗𝑖 = −(𝑇ℎ𝑜𝑙𝑑 − 𝑑𝑖𝑗 ) and replacing the corresponding
setup time constraint with edge weight 𝑤𝑖𝑗 = 𝑇𝑐𝑝 − 𝑇𝑠𝑒𝑡𝑢𝑝 − 𝐷𝑖𝑗 .
The solid directed lines in Fig. 2 imply the setup time relation and
the dashed directed lines imply the hold time relation (refer to [18]
for more background about CSS).
B. Related Work
Properly assigning clock arrival times to FFs, known as clock
skew scheduling, can help solve the problem that the maximum
achievable operating frequency is limited by the maximum datapath
delay in the circuit. There has been significant effort to explore CSS to
improve performance. Generally speaking, clock skew scheduling can
be classified into two categories by different optimization objectives:
performance-driven ones [1, 2] to achieve the highest operational
frequency and timing yield-driven ones [3–7] to maximize yield under
a given clock period.
Some early works [1, 2, 5] laid a foundation by formulating the
CSS problem and solving it optimally. The author of [16] argued
that these optimal solutions do not achieve the lower bound of clock
period, since the hold time constraints often limit the feasible clock
period, and proposed delay insertion into the logic network as a postprocessing step to solve the hold time violations and help improve
the feasible timing schedule.
However, even after delay insertion, it is known that the minimum
clock period of a synchronous circuit achievable through CSS is
still limited by the uncertainties of the data-propagation times on
local data paths, caused by the ever-increasing process variations.
Considering this variability of critical path delays, some prior works
(e.g., [1, 2]) allocated a safety margin with both upper and lower
bounds to each feasible region of clock skews in advance to minimize
clock period. Intuitively, since it seems more reasonable to target a
skew close at the middle of skew feasible region, the authors of [3]
proposed an original formulation of this problem and solved it using
quadratic programming to minimize the total least square of skews.
In [4], the authors optimized clock slacks using an incremental slack
distribution method to tolerate process variation. In [5], the authors

Circuit-level timing speculation technique, being able to detect
timing errors at online stage, react to the error quickly and recover
from it by rolling back to a known-good pre-error state, has become
one of the most promising solutions to deal with the ever-increasing
static and dynamic variation effects with technology scaling. With
timing speculation, timing error is no longer the evil that has to be
avoided at the cost of timing guard band. It provides designers the
opportunity to trade off error rate with operating clock period.
Various techniques have been presented for online timing error
detection. Without loss of generality, let us consider the representative
Razor flip-flop [8] to demonstrate how timing error detectors work.
A Razor-FF contains a main flip-flop, a shadow latch and some
additional control logic, to detect timing errors. The main flip-flop
latches the output signal at the clock edge with possible timing error,
while the shadow latch guarantees to receive the correct value, by
latching the signal a fraction of a cycle later. Consequently, when the
shadow latch and the main FF values do not agree, a timing error is
detected. To make use of timing speculation technique, it is necessary
to replace all critical FFs that are driven by speed-paths (i.e., critical
or near-critical paths) of the circuit with Razor-FFs (or other timing
speculators).
D. Motivation
As discussed above, we formulate the CSS problem targeting
circuits equipped with timing speculation capability and present a
novel CSS algorithm based on gradient-descent method to maximize
circuit performance in this work. The proposed technique is motivated
by the observation that a large design guard band needs to be reserved
for the traditional clock skew optimization techniques, due to the
increasing process variation. With timing speculation, we do not need
to guarantee “always correct” operation any longer, which dramatically increases the flexibility and improvement room of clock skew
optimization techniques. Meanwhile, CSS can manipulate the timing
budgets of different FFs, so that those FFs with larger sensitization
probability can be better taken care of by allocating more timing
slacks. In other words, the combination of these two techniques can
naturally complement each other to improve system performance,
which motivates this work to consider timing speculation explicitly
into CSS.
III. P ROBLEM F ORMULATION
The CSS problem formulation for circuits with timing speculation
capability is quite different from traditional one (e.g., [7]), because
our optimization objective is not the absolute clock period and we
need to differentiate the contributions of various circuit paths to the

system’s overall timing error rate. We detail our problem formulation
as follows.
Generally speaking, for circuits with timing speculation capability,
we can roll back the system once timing error is detected and then
lower system frequency for a short while to re-compute the result in
the failure cycle. Similar to [14], we can trade off timing error rate
with operating clock period to minimize equivalent clock period 𝑇𝑒𝑐𝑝
according to the following optimization objective,
min 𝑇𝑒𝑐𝑝 = (1 + 𝑒𝑟𝑟𝑜𝑟(𝑇𝑐𝑝 , ⃗𝑠) ⋅ 𝑝𝑒𝑛𝑎𝑙𝑡𝑦) ⋅ 𝑇𝑐𝑝

{𝑇𝑐𝑝 ,⃗
𝑠}

,

(2)

where 𝑇𝑐𝑝 is operating clock period, ⃗𝑠 is the vector for skew setting,
𝑒𝑟𝑟𝑜𝑟(𝑇𝑐𝑝 , ⃗𝑠) is error cycle rate function with regard to 𝑇𝑐𝑝 and ⃗𝑠,
indicating the probability for timing error to occur, and 𝑝𝑒𝑛𝑎𝑙𝑡𝑦 is the
penalty due to error occurring. This penalty includes both the cycles
of wasted execution that must be discarded when an error occurs and
the time spent on checkpointing and re-execution.
To achieve above optimization objective, if a certain 𝑇𝑐𝑝 is given,
the problem in Eq. 2 can be developed as
∣𝑉 ∣

min 𝑒𝑟𝑟𝑜𝑟(⃗𝑠) = 1 −
{⃗
𝑠}

∏

(1 − 𝑒𝑟𝑟𝑜𝑟𝑗 (⃗𝑠))

,

(3)

𝑗=1

where 𝑒𝑟𝑟𝑜𝑟𝑗 (⃗𝑠) is error probability of 𝐹 𝐹𝑗 during one clock cycle.
By solving above optimization problem, we can finally select the best
operating clock period 𝑇𝑐𝑝 to minimize the equivalent clock period
as indicated in Eq. 2.
To calculate 𝑒𝑟𝑟𝑜𝑟𝑗 (⃗𝑠), the error probability of each FF, we need
to know the path sensitization probability, which can be acquired by
performing functional simulation of the circuit with representative
workloads. Note that, we only need to record the sensitized delay
information of FFs during this simulation process, but not all the
sensitized path delays.
Besides, considering process variation, the path delay becomes a
random variable [7], therefore we have
∑∑
˜𝑖𝑗𝑘 } ,
𝑁𝑖𝑗𝑘 ⋅ 𝑃 𝑟{𝑠𝑖 − 𝑠𝑗 ≥ 𝑊
𝑒𝑟𝑟𝑜𝑟𝑗 (⃗𝑠) =
𝑖∈𝑃𝑗 𝑘
(4)
˜
˜
𝑊𝑖𝑗𝑘 ≜ 𝑇𝑐𝑝 − 𝑇𝑠𝑒𝑡𝑢𝑝 − 𝐷𝑖𝑗𝑘 ,
where 𝑁𝑖𝑗𝑘 is the probability for the 𝑘𝑡ℎ path from 𝐹 𝐹𝑖 to 𝐹 𝐹𝑗 to be
˜ 𝑖𝑗𝑘 is the corresponding path delay variable of the 𝑘𝑡ℎ
sensitized, 𝐷
˜𝑖𝑗𝑘 denotes a random variable as
path, 𝑠𝑖 is skew value of 𝐹 𝐹𝑖 , 𝑊
defined in Eq. 4, and 𝑃𝑗 is the set of FFs that serve as the beginners of
the paths from 𝐹 𝐹𝑖 to 𝐹 𝐹𝑗 . Note that, since the problem of hold time
constraints can be solved by delay padding [16], we only consider
˜𝑖𝑗𝑘 } implies
the setup time constraints in this work. 𝑃 𝑟{𝑠𝑖 − 𝑠𝑗 ≥ 𝑊
the probability for timing error to occur if the setup time constraint
as specified in Eq. 1 is violated.
˜𝑖𝑗𝑘
By defining the Cumulative Distribution Function (CDF) of 𝑊
as
˜𝑖𝑗𝑘 } ,
(5)
𝐹𝑖𝑗𝑘 (𝑥) = 𝑃 𝑟{𝑥 ≥ 𝑊
where 𝑥 = 𝑠𝑖 − 𝑠𝑗 , we have
∑∑
𝑒𝑟𝑟𝑜𝑟𝑗 (⃗𝑠) =
𝑁𝑖𝑗𝑘 ⋅ 𝐹𝑖𝑗𝑘 (𝑠𝑖 − 𝑠𝑗 )
𝑖∈𝑃𝑗

.

(6)

𝑘

Note that, if we consider the path delay between FF pair as a variable
following a certain distribution, we can have a general form for
error probability calculation using an integral form, instead of the

summation in Eq. 6,
𝑒𝑟𝑟𝑜𝑟𝑗 =

∑∫

+∞

N𝑖𝑗 (𝑥) ⋅ F𝑖𝑗 (𝑠𝑖 − 𝑠𝑗 , 𝑥)𝑑𝑥

,

F𝑖𝑗 (𝑠𝑖 − 𝑠𝑗 , 𝑥) = 𝑃 𝑟{𝑠𝑖 − 𝑠𝑗 > 𝑇𝑐𝑝 − 𝑇𝑠𝑒𝑡𝑢𝑝 − 𝑥}

,

𝑖∈𝑃𝑗

−∞

(7)

where N𝑖𝑗 (𝑥) is the probability function with regard to sensitized
path delay 𝑥.
Finally, based on Eq. 3 and Eq. 6, we can formulate the CSS
problem with timing speculation as an optimization problem as below,
min 𝑒𝑟𝑟𝑜𝑟(⃗𝑠) = 1 −
{⃗
𝑠}

∣𝑉 ∣
∏

(1 −

𝑗=1

∑∑
𝑖∈𝑃𝑗

𝑁𝑖𝑗𝑘 ⋅ 𝐹𝑖𝑗𝑘 (𝑠𝑖 − 𝑠𝑗 )) . (8)

𝑘

The optimization targeting this objective is expected to reduce the
error cycle rate of overall system so that it can improve circuit
throughput.
IV. GDM-BASED S KEW S CHEDULING A LGORITHM
In this work, we develop a novel technique based on gradientdescent method (GDM) to solve the CSS problem with timing
speculation. The simplest version of GDM (refer to [17] for details)
is usually formulated as the following unconstrained optimization
problem:
(9)
min 𝑓 (⃗𝑠), ⃗𝑠 ∈ ℝ𝑛 ,
{⃗
𝑠}

where 𝑓 (⃗𝑠) is a scalar objective function, ℝ𝑛 is the 𝑛-dimensional
real Euclidean space, and ⃗𝑠 is a vector of 𝑛 real components, {𝑠𝑖 ∣1 ≤
𝑖 ≤ 𝑛}. It is assumed that 𝑓 (⃗𝑠) is differentiable so that the gradient
vector ▽𝑓 (⃗𝑠) exists everywhere in ℝ𝑛 . The solution of above problem
is denoted as ⃗𝑠∗ .
GDM is a first-order optimization algorithm that use the gradient
vector ▽𝑓 (⃗𝑥) to determine the search direction for each iteration. The
simplest and most famous GDM algorithm is the method of steepest
descent, which takes steps proportional to the negative/positive of
the gradient (or, the approximate gradient) of the function at current
iteration to minimize/maximize 𝑓 (⃗𝑠).
The targeted CSS problem with timing speculation in this work is
how to determine clock skew setting and hence allocate timing slack
as resource to the most critical paths to reduce error cycle rate of
overall system and improve system throughput. This is strongly relevant to both sensitization probability and expected error probability
for each timing critical/sub-critical path. From this viewpoint, GDM
is just applicable to our targeted problem. How to apply GDM in
targeted CSS problem will be detailed in the following.
A. Proposed Optimization Metric
From Eq. 2, we can see that the system error cycle rate must
be reduced and kept within a small number to achieve a higher
throughput, otherwise the penalty caused by error occurrence would
greatly reduce the benefit of clock period decrease and even worsen
the throughput.
Based on this observation, we can simplify the original optimization objective described in Eq. 8 by assuming 𝑒𝑟𝑟𝑜𝑟𝑗 (⃗𝑠), the error
probability for each FF, is so small that there would not be more
than one error occurring at the same time. Therefore, after expanding
Eq. 3 we can ignore the high order terms and obtain the following
approximation,
𝑒𝑟𝑟𝑜𝑟(⃗𝑠) = 1 −

∣𝑉 ∣
∏
𝑗=1

(1 − 𝑒𝑟𝑟𝑜𝑟𝑗 (⃗𝑠)) ≈

∣𝑉 ∣
∑
𝑗=1

𝑒𝑟𝑟𝑜𝑟𝑗 (⃗𝑠)

.

(10)

This simplified optimization objective is used in our GDM-based
skew scheduling algorithm as a metric to guide the reduction of
system error cycle rate. After substituting Eq. 6 into Eq. 10, the
proposed optimization metric is written as
𝑒𝑟𝑟𝑜𝑟(⃗𝑠) =

∣𝑉 ∣
∑
∑∑
𝑗=1 𝑖∈𝑃𝑗

𝑁𝑖𝑗𝑘 ⋅ 𝐹𝑖𝑗𝑘 (𝑠𝑖 − 𝑠𝑗 )

.

(11)

𝑘

B. Skew Constraint
In practice, the assigned skew values should be constrained in
a specified range with a lower bound and an upper bound (e.g.,
[𝑠𝑙𝑜𝑤𝑒𝑟 , 𝑠𝑢𝑝𝑝𝑒𝑟 ]). This constraint requirement is beyond the basic
unconstrained formulation of GDM in Eq. 9. In order to tackle this
problem, we can use such a function,
1
) , (12)
1 + 𝑒𝜇𝑥𝑖
to constrain the assigned skew values within specified range
[𝑠𝑙𝑜𝑤𝑒𝑟 , 𝑠𝑢𝑝𝑝𝑒𝑟 ] all the time. Here, 𝜇 is a parameter to control the
function shape. As a result, by substituting Eq. 12 into Eq. 11, we
obtain the optimization objective written as
𝑆(𝑥𝑖 ) = 𝑠𝑙𝑜𝑤𝑒𝑟 + (𝑠𝑢𝑝𝑝𝑒𝑟 − 𝑠𝑙𝑜𝑤𝑒𝑟 ) ⋅ (1 −

𝑒𝑟𝑟𝑜𝑟(⃗𝑥) =

∣𝑉 ∣
∑
∑∑
𝑗=1 𝑖∈𝑃𝑗

Fig. 3.

𝑓 (⃗
𝑥), the objective function for optimization
𝜖𝑔 and 𝜖⃗𝑥 , convergence tolerances
Initialize ⃗𝑥

REPEAT for each iteration
IF ∥ ▽𝑓 (⃗𝑥) ∥< 𝜖𝑔
Set ⃗𝑥∗ = ⃗𝑥
Break
ELSE
Set ⃗𝑔 = −▽𝑓 (⃗𝑥)
FOR the iteration 𝑖 from 1 to ∣𝑉 ∣
Update parameters 𝑥𝑛𝑒𝑤
= 𝑥𝑖 − 𝜂 ⋅ 𝑔 𝑖
𝑖
IF ∥ ⃗𝑥𝑛𝑒𝑤 − ⃗𝑥 ∥< 𝜖⃗𝑥
Set ⃗𝑥∗ = ⃗𝑥𝑛𝑒𝑤
Break
ELSE
Go for next iteration
Proposed GDM-based skew scheduling algorithm.

V. E XPERIMENTAL R ESULTS
A. Experimental Setup

𝑁𝑖𝑗𝑘 ⋅ 𝐹𝑖𝑗𝑘 (𝑆(𝑥𝑖 ) − 𝑆(𝑥𝑗 ))

,

(13)

𝑘

where ⃗𝑥 is the new vector variable. Obviously, once ⃗𝑥∗ is determined,
the skew value ⃗𝑠∗ can be easily calculated according to Eq. 12.
The transformation from a constrained problem to an unconstrained
version makes GDM applicable to targeted CSS problem.
C. Proposed Skew Scheduling Algorithm
After approximating optimization metric in Section IV-A and
applying the transformation in Section IV-B, it is now ready for GDM
to determine the clock skew setting.
We compute the gradient of objective function. For ∀ ℓ ∈
{1, 2, ⋅ ⋅ ⋅ , 𝑛},
∑∑
∂𝑒𝑟𝑟𝑜𝑟(⃗𝑥)
′
𝑁𝑖ℓ𝑘 ⋅ 𝐹𝑖ℓ𝑘
(𝑆(𝑥𝑖 ) − 𝑆(𝑥ℓ ))
=−
∂𝑆(𝑥ℓ )
𝑖∈𝑃ℓ 𝑘
(14)
∑∑
′
𝑁ℓ𝑗𝑘 ⋅ 𝐹ℓ𝑗𝑘
(𝑆(𝑥ℓ ) − 𝑆(𝑥𝑗 )) ,
+
ℓ∈𝑃𝑗

#
#
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

𝑘

𝑑𝑆(𝑥ℓ )
𝜇𝑒𝜇𝑥ℓ
= (𝑠𝑢𝑝𝑝𝑒𝑟 − 𝑠𝑙𝑜𝑤𝑒𝑟 )
,
𝑑𝑥ℓ
(1 + 𝑒𝜇𝑥ℓ )2

(15)

′
(⋅) is the probability density function. Based on Eq. 14
where 𝐹𝑖𝑗𝑘
and Eq. 15, we can finally get the gradient according to

∂𝑒𝑟𝑟𝑜𝑟(⃗𝑥)
∂𝑒𝑟𝑟𝑜𝑟(⃗𝑥) 𝑑𝑆(𝑥ℓ )
=
⋅
∂𝑥ℓ
∂𝑆(𝑥ℓ )
𝑑𝑥ℓ

.

(16)

Since we would like to minimize the error cycle rate, we update
the parameters using the negative of the computed gradient at each
iteration as below,
∂𝑒𝑟𝑟𝑜𝑟(⃗𝑥)
,
(17)
∂𝑥ℓ
where 𝜂 is the learning rate. By updating the parameter ⃗𝑥 periodically
until the procedure converges, we can obtain the skew setting ⃗𝑠∗ =
𝑆(⃗𝑥∗ ) according to the definition in Eq. 12.
The algorithm flow of proposed CSS technique is described in
Fig. 3. First of all, we initialize the variables ⃗𝑥 as same as the
case with 𝑧𝑒𝑟𝑜-skews. Then, we repeat the procedure (see Line 3
∼ Line 14) to compute the gradient and update parameters until the
convergence criterion is satisfied.
= 𝑥ℓ − 𝜂
𝑥𝑛𝑒𝑤
ℓ

To evaluate the effectiveness of proposed CSS method, we conduct
experiments on several large ISCAS’89 and IWLS’05 benchmarks.
We synthesize these circuits and obtain timing information using
Synopsys EDA tools. To take process variation effect into consideration, we perform Monte Carlo simulation to inject gate-level delay
variation following Gaussian distribution with standard deviation
equal to 8%. We conduct simulation with random inputs in our
experiments and the simulation is performed with 100,000 cycles.
All the experiments are conducted on a 2.8GHz PC with 4GB RAM.
For reasonable comparison, we provide a reference via offline
timing analysis with false paths excluded according to [19], denoted
as 𝐶𝑆𝑆𝑛𝑜𝑛𝑟𝑎𝑧𝑜𝑟 . We apply timing speculation directly without CSS
and denote this solution as 𝐶𝑆𝑆𝑛𝑜𝑛𝑐𝑠𝑠 . That means, we assign
all the FFs with 𝑧𝑒𝑟𝑜-skew in 𝐶𝑆𝑆𝑛𝑜𝑛𝑐𝑠𝑠 . A yield-driven CSS
work [7] is used as the baseline solution for comparison and
denoted as 𝐶𝑆𝑆𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 . Our proposed CSS technique is denoted
as 𝐶𝑆𝑆𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 . The three solutions mentioned above with timing
speculation (𝐶𝑆𝑆𝑛𝑜𝑛𝑐𝑠𝑠 , 𝐶𝑆𝑆𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 , and 𝐶𝑆𝑆𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 ) select the
operating clock period of circuits according to Eq. 2 to minimize the
equivalent clock period 𝑇𝑒𝑐𝑝 which considers the penalty for error
occurring. Note that, for fair comparison, in 𝐶𝑆𝑆𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 we apply
the algorithm in [7] to determine skew setting and then find out the
optimal clock period since timing speculation capability is equipped.
The comparison between 𝐶𝑆𝑆𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 and 𝐶𝑆𝑆𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 can reflect
the benefit of explicitly combining CSS with timing speculation,
since 𝐶𝑆𝑆𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 consider timing speculation capability in the
optimization procedure of CSS technique explicitly.
Usually, which FF to be equipped as Razor-FF lies on its timing
pressure. Without considering CSS, a simple scheme is to equip all
the FFs, whose maximum delays are larger than 𝛽 of clock period
(e.g., 𝛽 = 80%), as Razor-FFs. Because pre-silicon CSS discussed
in this paper is performed offline at design stage and its effect is
just manipulating timing budgets between FFs, we can simply set up
those FFs, whose timing slacks are less than (1 − 𝛽) of clock period
after conducting CSS, as Razor-FFs. In our experiments, the timing
threshold 𝛽 is set to be 80%, and the hardware cost for equipping
each Razor-FF is assumed to be 10 gates. The 𝑝𝑒𝑛𝑎𝑙𝑡𝑦 in Eq. 2 is
assumed to be 10 clock cycles according to [14], and we sweep the
operating clock cycle to select the one with best performance.

𝐶𝑆𝑆𝑛𝑜𝑛𝑐𝑠𝑠
𝐶𝑆𝑆𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
𝑅𝐹 𝐹 #
Cost(%)
𝑅𝐹 𝐹 #
Cost(%)
s1494
680
6
2
2.94
2
2.94
s5378
3042
179
22
7.23
18
5.92
s9234
5866
228
22
3.75
25
4.26
s13207
8803
638
10
1.14
10
1.14
s15850
10470
597
89
8.50
89
8.50
s35932
18148
1728
144
7.93
144
7.93
s38584
21021
1426
168
6.90
180
7.39
s38417
24341
1564
87
4.14
106
5.23
wb conmax
73233
3316
657
8.97
699
9.54
des perf
154204
9105
668
4.33
887
5.75
ethernet
157841
10752
1553
9.84
1602
10.15
AVERAGE
5.97
6.25
TG#: total gate count; TFF#: total FF count; RFF#: Razor-FF count;
Cost: hardware cost ratio for equipping Razor-FFs.
Bench.

TG#

TFF#

𝐶𝑆𝑆𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑
𝑅𝐹 𝐹 #
Cost(%)
3
4.41
32
10.52
18
3.07
10
1.14
81
7.74
144
7.93
182
7.48
108
5.14
698
9.53
870
5.64
1584
10.04
6.60

Runtime (s)
0.17
1.20
1.15
2.06
3.33
13.76
16.30
10.29
23.93
46.83
34.87

TABLE I
E XPERIMENTAL RESULTS ON HARDWARE COST AND ALGORITHM RUNTIME .
𝐶𝑆𝑆𝑛𝑜𝑛𝑟𝑎𝑧𝑜𝑟
𝐶𝑆𝑆𝑛𝑜𝑛𝑐𝑠𝑠
𝐶𝑆𝑆𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
𝑇𝑒𝑐𝑝 (𝑛𝑠)
𝑇𝑒𝑐𝑝 (𝑛𝑠) 𝜎(𝑛𝑠) Δ1 (%) 𝑇𝑒𝑐𝑝 (𝑛𝑠) 𝜎(𝑛𝑠) Δ2 (%) 𝑇𝑒𝑐𝑝 (𝑛𝑠)
s1494
2.72
2.38
0.068 -12.63
2.29
0.067 -3.73
2.19
s5378
1.86
1.58
0.017 -15.21
1.36
0.024 -13.45
1.35
s9234
4.58
4.05
0.086 -11.61
3.84
0.068 -5.16
3.39
s13207
5.57
4.12
0.080 -25.97
4.09
0.081 -0.72
4.05
s15850
6.22
5.28
0.035 -15.12
4.75
0.046 -9.95
4.55
s35932
3.68
3.57
0.070 -2.99
3.53
0.071 -1.03
3.49
s38584
6.96
6.39
0.145 -8.10
6.21
0.129 -2.87
6.07
s38417
6.12
5.73
0.065 -6.48
5.17
0.062 -9.76
4.57
wb conmax
6.43
5.97
0.078 -7.20
5.53
0.063 -7.28
4.91
des perf
13.70
13.44
0.340 -1.90
12.23
0.309 -9.00
10.88
ethernet
11.28
10.53
0.055 -6.65
10.28
0.050 -2.35
9.96
AVERAGE
-10.35
-5.94
𝑇𝑒𝑐𝑝 : mean equivalent clock period considering error penalty;
𝜎: standard deviation of equivalent clock period 𝑇𝑒𝑐𝑝 ;
Δ1 : 𝑇𝑒𝑐𝑝 difference ratio between 𝐶𝑆𝑆𝑛𝑜𝑛𝑐𝑠𝑠 and 𝐶𝑆𝑆𝑛𝑜𝑛𝑟𝑎𝑧𝑜𝑟 ;
Δ2 : 𝑇𝑒𝑐𝑝 difference ratio between 𝐶𝑆𝑆𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 and 𝐶𝑆𝑆𝑛𝑜𝑛𝑐𝑠𝑠 ;
Δ3 : 𝑇𝑒𝑐𝑝 difference ratio between 𝐶𝑆𝑆𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 and 𝐶𝑆𝑆𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ;
Δ4 : 𝑇𝑒𝑐𝑝 difference ratio between 𝐶𝑆𝑆𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 and 𝐶𝑆𝑆𝑛𝑜𝑛𝑐𝑠𝑠 ;
Δ5 : 𝑇𝑒𝑐𝑝 difference ratio between 𝐶𝑆𝑆𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 and 𝐶𝑆𝑆𝑛𝑜𝑛𝑟𝑎𝑧𝑜𝑟 .
Bench.

𝐶𝑆𝑆𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑
𝜎(𝑛𝑠) Δ3 (%) Δ4 (%)
0.070 -4.32
-7.89
0.024 -1.13 -14.43
0.064 -11.65 -16.21
0.048 -1.07
-1.78
0.063 -4.38 -13.89
0.073 -1.13
-2.15
0.106 -2.29
-5.09
0.042 -11.56 -20.20
0.107 -11.21 -17.68
0.275 -10.99 -19.00
0.057 -3.11
-5.39
-5.71 -11.25

Δ5 (%)
-19.52
-27.44
-25.94
-27.29
-26.91
-5.07
-12.78
-25.36
-23.60
-20.54
-11.68
-20.56

TABLE II
E XPERIMENTAL RESULTS ON EQUIVALENT CLOCK PERIOD 𝑇𝑒𝑐𝑝 .

B. Results and Discussion
First of all, we report the results on hardware cost and algorithm runtime of proposed CSS technique in Table I. As can be
seen, the average hardware cost for 𝐶𝑆𝑆𝑛𝑜𝑛𝑐𝑠𝑠 , 𝐶𝑆𝑆𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 and
𝐶𝑆𝑆𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 to enable timing speculation are 5.97%, 6.25% and
6.60%, respectively. Although the hardware cost after conducting
CSS seems a little higher than 𝐶𝑆𝑆𝑛𝑜𝑛𝑐𝑠𝑠 , the additional cost is still
within an acceptable range. The runtime for proposed GDM-based
CSS technique is listed in Column 10 of Table I.
Secondly, we perform Monte Carlo simulation to produce 100
sample chips with different variation patterns for each benchmark. In
Table II, we report the equivalent clock period 𝑇𝑒𝑐𝑝 and its standard
deviation 𝜎 for 𝐶𝑆𝑆𝑛𝑜𝑛𝑐𝑠𝑠 , 𝐶𝑆𝑆𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 , and 𝐶𝑆𝑆𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 , respectively. This clock period 𝑇𝑒𝑐𝑝 has taken both the selected operating
clock period and the penalty for error occurring into account. As can
be seen, 𝐶𝑆𝑆𝑛𝑜𝑛𝑐𝑠𝑠 can achieve 10.35% reduction in 𝑇𝑒𝑐𝑝 in average
when compared with 𝐶𝑆𝑆𝑛𝑜𝑛𝑟𝑎𝑧𝑜𝑟 . This improvement reflects the
efficacy of Razor technique itself without CSS, which is not the main
contribution of this work. After applying 𝐶𝑆𝑆𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 , a yield-driven
CSS proposed in [7], another 5.94% improvement can be achieved
in average, which shows that conducting CSS is beneficial for timing
speculation. Compared with 𝐶𝑆𝑆𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 , 𝐶𝑆𝑆𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 can obtain
5.71% further improvement. This reflects the efficacy to consider
timing speculation in CSS optimization procedure explicitly. The

improvement for 𝐶𝑆𝑆𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 over 𝐶𝑆𝑆𝑛𝑜𝑛𝑐𝑠𝑠 and 𝐶𝑆𝑆𝑛𝑜𝑛𝑟𝑎𝑧𝑜𝑟
are demonstrated in Column 12-13 of Table II.
Finally, to get more details of proposed CSS technique, we take
𝑠38417, the largest circuit in ISCAS’89, as an example in the
following. In Fig. 4, we show the results with variation effects after
performing Monte Carlo simulation. The corresponding mean of 𝑇𝑒𝑐𝑝
and standard deviation 𝜎 are depicted in Fig. 4. Moreover, in Fig. 5,
we show the trends of both proposed optimization metric in Eq. 11
and the error cycle rate obtained by timing simulation with respect to
operating clock period. Proposed CSS technique always selects the
operating clock period with reasonable error cycle rate to minimize
equivalent clock period (or, maximize throughput). In Fig. 6, the
trends of proposed optimization metric and error cycle rate with
respect to GDM iteration number under the optimal operating clock
period are plotted out. This figure shows the details of proposed
GDM-based skew scheduling algorithm to optimize proposed metric
and hence reduce the error cycle rate. The similar trend of these two
curves in Fig. 6 proves the effectiveness of proposed optimization
algorithm and metric.
VI. C ONCLUSION
Clock skew scheduling has been exploited as an effective technique
to improve timing performance and yield of ICs and attracted
lots of research interest. However, with the ever-increasing process
variations, a large timing guard band has to be reserved to tolerate
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variations and guarantee “always correct” operations. In this work,
we formulate the CSS problem for circuits equipped with timing
speculation capability, and propose a GDM-based skew scheduling
algorithm to determine skew setting effectively. Experimental results
on benchmark circuits demonstrate that the proposed CSS technique
is able to significantly enhance circuit performance.
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