Bayesian Theory based Switching Probability Calculation Method
of Critical Timing Path for On-Chip Timing Slack Monitoring

Byung Su Kim
Design Technology Team, Foundry,
Samsung Electronics, Korea
bs2014 kim@samsung.com

Abstract— Accurate in-situ monitoring is urgently required
for an adaptive performance control system and post silicon
validation. For accurate in-situ monitoring, a direct probing
method is presented in which monitors directly measure a path
delay from real critical timing paths. However, we may not be
able to predict when the timing slack monitors would activate
since the activation depends on a design structure and input
patterns. If a timing slack monitor is rarely activated by timing
critical paths, the observability from this monitor would be low
and the monitor possibly can be discarded. For this reason, we
propose a novel timing slack monitoring methodology based on
switching probability of timing critical paths. Switching
probability and correlation on critical timing paths are
formulated, and the proposed method finds a list of critical path
endpoints for the timing slack monitor insertion under given
power and area constraints. Experimental results with ISCAS’89
circuits show that, compared to the method which places
monitors for all worst critical paths, 16.67 ~ 97.2% of timing
slack monitors are removed and 32.56 ~ 96.88% of dynamic
power reduction from the monitors is achieved by the proposed
method.
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I. INTRODUCTION

Due to a process technology shrinkage, increasing transistor
counts and ultra-low power design, an integrated circuit (IC)
suffers from huge process, voltage and temperature variations
and shows nonlinear operations. This makes a prediction of a
worst chip performance very difficult. Therefore, wider design
margins are required to assure reliable circuit operations. To
avoid a design margin overhead, various adaptive performance
control methods such as adaptive clocking [3] and resilient
circuit method [8] are introduced. In the circuits, the
information such as supply voltage fluctuations, process/
temperature variation and aging effect is collected by various
in-situ monitors. The information is used to adaptively control
the clock speed or voltage for avoiding timing failures [3-8].
To apply these methods, an accurate on-chip In-situ monitoring
methodology is needed.

Various In-situ monitoring methods [1-8] are introduced.
The delay monitor based methods [4-7] periodically measure a
delay of internal delay chains (i.e., ring oscillator) or critical
path replica circuits which are popular approaches since they
are easy to use. However, because they are an indirect
monitoring approach measuring delays from replica circuits or
ring oscillators, it would be difficult to represent a real circuit
performance [3] and to consider local process, voltage and
temperature variations in the circuit. To overcome the
problems, other approaches [1, 2] are proposed which place
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timing slack monitors directly on functional critical timing
paths. Slackprobe [1] presents a modified min-cut algorithm
that finds minimum uncorrelated intermediate nets for timing
slack monitor insertion. Xie and Davoodi [2] find
representative critical paths considering various variations.
Since the timing slack monitor in [1, 2] is directly inserted on
functional critical timing paths, they can accurately observe a
path delay than indirectly monitoring the performance like [4-
7]. Although these methods can accurately measure the circuit
performance with a reduced number of monitors, the timing
slack monitors on functional critical timing paths can detect the
critical path delay only if a timing critical signal transition is
activated. The monitors on critical paths with low switching
probability can be considered as idle monitors since they are
rarely or never activated. This means that the observability
from the monitors with a low switching probability is poor.
Hence, to efficiently capture the real critical path delay for
adaptive performance control system [3,7], a timing slack
monitor needs to be inserted where a switching probability of a
critical path is high.

To measure critical path delay with a high observability,
this paper proposes a novel timing slack monitoring
methodology. The key contributions of the proposed method
are summarized as follows.

1) A novel switching probability and correlation coefficient
calculation method for timing critical paths is proposed as a
timing arc based probability model.

2) A mathematical formation is given to determine a list of
endpoints for a timing slack monitor insertion considering
the observability (i.e., switching probability) and
area/power budget. A solution which is a mixed integer
quadratic constrained problem is converted to a dynamic
programming based solution with Markov clustering.

Experimental results show that, compared to the method
which places monitors for all worst critical paths, the proposed
method significantly reduces the number of timing slack
monitors (16.67~97.2% of monitors) by removing the monitors
on critical paths with a low signal probability. This also
achieves a considerable a dynamic power reduction (32.56 ~
96.88% dynamic power reduction from monitors). The rest of
the paper is organized as follows. Sec. II provides motivation.
Sec. III explains a calculation of switching probability and
correlation for critical path and endpoint. Sec. IV shows how
an optimized set of monitors is selected. Sec. V gives the
experimental evaluation and the conclusion is given in Sec. VI.
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II. MOTIVATION

The timing slack monitors on functional timing critical
paths can only be activated when there is a signal transition. A
cell on a clock network is switching every clock cycle while
some cells related to chip reset or turn-on would hardly toggle.
Hence, the monitors on functional critical paths with high
switching rate would give more monitoring opportunities and
this can be considered as highly efficient and observable timing
slack monitoring. Fig. 1 shows arrival time measurements for
two flip-flops, S and P, when inputs are applied. A Y-axis
shows the number of input patterns and an X-axis denotes an
arrival time corresponding to the input. A monitoring delay
target (¢) is set and the inputs give longer arrival time than &
can activate the monitor. Assume that timing slack monitors
are inserted for S and P. For flip-flop P, there are more inputs
exercising the monitor than S. Since S has a lower switching
probability than P, the timing slack monitor for S needs to
spend more time for activation. Hence, we can consider that P
has higher observability than S. With a given area and power
budget, it is critical to decide a set of end points to insert timing
slack monitors that give high observability and low switching
activity of each end point. As Fig. 2 shows, this paper tries to
reduce the number of monitors considering switching
probabilities of critical timing paths. Hence, we propose a
novel method to calculate switching probability and correlation
of critical paths for efficient timing slack monitoring
methodology.

III. SWITCHING PROBABILITY CALCULATION METHOD

In this section, a method to calculate switching probability
and correlation calculation is discussed. We assume that each
endpoint of critical path is a flip-flop or latch, and a timing
slack monitor can be inserted at the endpoints. Sec. III.LA
describes a switching probability calculation of critical paths at
each endpoint and Sec. II1.B describes a correlation calculation
among each endpoints.
A. Timing Arc Based Switching Probability Model

For a given timing path, a net is denoted as n;; where i is a
net number and s is a state of the net. The net state can transit
from 0 to 1, from 7 to 0 or keep its current state. This can be
expressed as

s = 0,050 1,015 M 1511150} 1)
, when don’t care (X) is not considered. n,;; can be one of four
events and its switching probability is denoted as Pr(n;,). N;is
defined as an input net of an endpoint such as flip-flop or latch.
In this paper, N; is an endpoint and it can be expresses as
follows.

Ni=n;o 1 Unij50

Pr(N;) =Pr(n; ;0 Uni o)
A switching probability of each timing path from #, to n;, can
be represented as (3) by net denotation.

2)

Pr(Timing path from n; g tom; ): Pr(n,—ﬂxt Mg, s Mg, ) 3)

For power consideration, path balancing approaches are
generally applied and this helps to reduce a glitch occurrence
[13]. Hence, as a monitoring delay target (¢) becomes narrower,
critical paths for one endpoint can be considered as mutually
independent. This means that if one critical path is sensitized,
other critical paths of this endpoint is not activated within our
monitoring delay target. The sum of critical paths switching
probability of N; is denoted as follows.

Pr(N;, Delay(N;) > &) = ZPr(nl-’S‘_ Mg, sl 4)
In this paper, we omit Delay (N;)> ¢ since a worst speed (¢) is
only considered. We can calculate this switching probability
by checking all conditions of each timing path. However, to
calculate Pr(n;;n;;i.1,- -, N151), €vents from all nets need to be
considered as a single event. As the number of critical paths
grows, this becomes inefficient since the duplicated net events
(i.e., a net event from one path occurs at other paths) have to be
calculated repetitively. That is, the same net event occurring at
many critical paths has to be calculated repetitively for each
path calculation.

To overcome this problem, this paper proposes a novel
switching probability calculation method which uses a timing
arc based switching probability model. Firstly, the switching
probability of (3) can be written by conditional probability as
follows.

Pr(ni,si ’nifl,x,-,l ="'=n1,sl )

= Pr(ni,sl |ni71,xH ="'>n1,si,] )Pr(nifl,s,-,l ""=n1,xH )
A signal transition of n; is determined only by a directly
connected input net. This means that, assuming a two input
gate, the output net »; is only dependent on its input nets, 7;,
and n,.,, not on n;_3~n; since a logic operation is only influenced
by its relative inputs. Under this rule, (5) can be re-written as
follows.

= Pr(ni,s, | M5, o Mi-2,s, )Pr(n[—l,s,,1 Mi2,5, o Mi=3,5, 500 s, ) 6)
In (6), the second term is changed by concepts of covariance
and correlation as (7). This correlation p can be extracted by
the methods in the next section. However, it has a high
calculation complexity. We only calculate the correlation when
a timing path has a self-looping net, otherwise, it is set to 1.

5)

Pr(ni—l,xH M5, 5o M35, 50 s, )
)
=p-Pr ni-2.s, , Pr Pil,s; s Mi=-3,5, 550, )

For simplicity, we assume that an input #;, is independent with
other nets. The correlation between n;_, and others is 1.

The intersection with 7, ; is can be changed as follows.
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Figure 3.Example of a simple circuit with two monitors, S and P

= Pr(ni,s,» ‘ ni—l,si,1 7”1’—2,3‘,] )Pr(ni—Z,si,z )Pr(ni—l,s,,, ’ni—3,s,.,3 [ nl,s, ) 8)

(8) can be updated by Bayesian theory as,

Pr(”i,s‘ ‘ Mi-l,s; 2 Mi-2,s,, )Pr(ni—Z,x,,z )Ry

Pr(ni,s, )
=Pr(n 5, omias,, | ”i,Oﬁl)—P Pr(n; o, ) %W
r(ni—l,s,,1 Mi2s: )
Pr(n[ s, ) 9
=Pr(m 15 Moo, [ni051) ' Pr(m_p, ) *W )
Pr(nifl,s,,l )Pr(ni72,s‘-,l )
Pr(n;5,)
=Pr(n g5, 1o, N0 - %y
Pr(nifl,.\‘i,l )

.such thatPr(m;_y ¢ .....om s ) =W
Finally, by chain rule, we can change an insertion form of
timing path switching probability to a conditional probability
based model.

) Pr(ni,s‘- )
Pr(n;_y4, )

Pr(ni,.\‘l )Pr(nifl,s[,l s ni*Z,SH ‘ ni,s1 )P nl,xl ‘ n2,s2 )

As shown in (10), (3) is updated with conditional probabilities
of a list of output nets and their input nets. Timing arc is
defined as a signal transition from input net to output net.
Hence, the switching probability calculation can be expressed
with a timing arc based switching probability model. The
following describes a generalized form of the timing arc based
switching probability.

Pr(ni—l,st,, SN2 ‘ N, Pr(ni—l,xH seeollls, ):

i-1

10)

Pr(ni,s1 M,y oMl s )

=Pr(m; , )HPr(input nets of n s, |n j,sj)

This model can be calculated by a switching activity of
endpoint and all conditional probability of each timing arc. We
first calculate the probability of each timing arc, and then the
switching probability of critical path can be calculated by
multiplying timing arc probabilities. To obtain each timing arc
probability, in this work, we use samples from Verilog
simulation data.

11)

B. Correlation Calculation Method by Timing Arc Based
Probability Model

In the previous section, we assume that each critical path
for the same endpoint is mutually independent within a narrow
monitoring delay target. However, this may not hold true for
timing paths between two different endpoints. Depending on
circuit characteristics, there could be high dependence among
paths. Therefore, it is important to find correlation coefficients
for switching probability calculation of entire monitoring
endpoints. Assume that there are two different endpoints, S

and P, and timing paths for S and P are denoted as s; and p;
where i € {/, n} andj € {I, m}. The intersection of S and P
can be expressed using a correlation coefficient, ps p.

PI(S, P) = Pr(S) Pr(P) + pg_p /Pr(S)(1- Pr(S)) Pr(P)(1-Pr(P))  12)
The intersection of S and P can also be denoted by all timing
paths in S'and P as

Pr(S, P) = Pr(s;, py) + Pr(sy, pp) +...+ P1(s,, p,,) =

m n

D Prs)PHp) + XY Py p & V
i=1

Jj=1 i=1 j=1
,such that ¢ = ‘/Pr(sl-)(l—Pr(s,-))Pr(pj)(lfPr(pj))
where pj;,; is a correlation coefficient of s; and p;. By
combining (12) and (13), ps p can be found.

22 P, JJPr(s)( = Pr(s;) Pr(p,)(1 - Pr(p ;)

i=1 j=1

Pp = JPr(S)(1 - Pr(S)) Pr(P)(1- Pr(P)) 14)

.such that Pr(S)Pr(P) =" > Pr(s;) Pr(p;)
i=1 j=1
To calculate pgp, it needs the correlation coefficient of two
timing paths, py; . By (12), py;,; can be expressed as (15).
Pr(siapj)_Pr(si)Pr(pj)
JPr(s:)(1=Pr(s;)) Pr(p ;)1 - Pr(p;))
To solve (15), an intersection of two different paths needs to be
found. Algorithm I describes how the intersection of two
different paths can be calculated. It multiplies a switching
signal probability of each timing arc in s; and p;. In this manner,

Psip can be found. It is used to prune high correlated timing
paths.

15)

pSi,ﬂ,‘ =

Algorithm 1 : Intersection(s;, p;) //s;, p; are timing paths
: N € {timing arc in s;}; ME {timing arc in p;}
: O =Pr(s)

: For eachc € M do
For each k = N do
ifc!=k
O =O0*Pr(c)
End
End

_
AN e AR > e

11: return O

Fig. 3 shows an example with two monitoring endpoints, S
and P. There are two timings paths s;, s, and p;, p, for S and P
respectively. The following illustrates how the correlation
coefficient of two timing paths, p,;,; is found.

Pr(sy) = Pr(n7,10)(ns 051514151 | 17.150) Pr(n2150 [ 15051)
Pr(p;) = Pr(ng o1 ) (1615013151 | 18.051)
*Pr(ns o1 [ n6150) Pr(ng 150 [ 15051)
Pr(sy, p1) = Pr(n 1 0) (50515114, 51 | 17,150) Pr(ng 150 [ 15051 16)
*Pring 051 (16,150, 713,1551 | 18,051) P15, 951 | 76,1 50)
_ Pr(sy, p1) = Pr(sy) Pr(p))
J[Pr(s)(1 = Pr(sy)) Pr(p;)(1 - Pr(p;))

prapI
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IV. SELECTION OF ENDPOINTS
A. Problem Formulatin

To develop an efficient and observability timing slack
monitoring system, the selection of monitoring endpoints is
important. It influences power consumption, area overhead and
observability. Therefore, we introduce object functions to
select the monitoring endpoints. x = [x,, x,, ...] is defined as a
decision vector where x; is 1 when a monitor is inserted at ;
and becomes 0 otherwise.

Ny ox, = .1f x; =0,null 17)
if x; =1,N;

Our object function can be described as follow.

min z X;
min ZSWi 'Vddiz - freq; - x; , sw; = Switching Activity 18)

maxPr(ZN,- -xl-)

The first cost function is to obtain a minimum number of delay
monitors to reduce area and routing congestions. Power
optimization is found from the second function and the last
maximization function finds optimal observability. Since the
power consumption optimization indirectly helps to reduce the
number of monitors, the objective functions can be updated
only by focusing on the power minimization function. In
addition, within a power budget, the monitors need to

maximize observability. Hence, (18) can be updated as follows.

maxPr(ZNl- ~xl«)

subject to
ZSWi 'vdd,-z - freq; - x; < Powerbudget
X = {051}
The observability function can be calculated with a switching
probability of each endpoint and intersection. Since higher
order intersections are rapidly decreasing, the 1% order

intersection is only considered. Therefore, the observability
function can be described as follows.

Pr{Y N, - x)= S Pr(N,) % = S PN, ) xix,
+ 22 T PHANN N ) i+ 20)
w7 ed[ V) T T

& P> N x ) Y PN, x-S PN, ) xix,

By combining (19) and (20), (21) can be presented as follows.

max Y PN ) x;, = 3 Y PN, ) xx,
subject to 21)
ZSWi ~vdd,-2 - freq; - x; < Power budget
x; ={0.1}
(21) is one of mixed integer quadratic problems with
constraints (MIQCP) [10]. It can be solved with mixed integer
linear problem (MILP) based solvers by changing variables.
Because MIQCP is an NP-hard problem, this requires a huge
runtime overhead with a large number of variables. To solve
the runtime problem, this paper proposes a dynamic
programming based solution with fewer constraints. We can
claim that, only under some conditions, if Pr(N,N)) is
sufficiently smaller than Pr(%,), a solution maximizing Y Pr(J;)
maximizes (21). These conditions are that all endpoints are

19)

independent and Y Pr(N;) is less /. To prove this, we present
lemmal. Sec. IV.B. explains how this is used.

Lemma 1. Pr(X;) is a probability variable which is all
independent and Y Pr(X;) is less than /. The solution of
maximizing Y Pr(X;) is a solution of maximizing ) Pr(X)) -
22 Pr(X; X)).

Proof I: Pr(X;) and Pr(X)) are non-negative real numbers and
less than /. Pr(X;, X)) can be expressed as
Pr(x,)Pr(x; )< Pelx,x ;)< Pr(x, ) if Pr(x,)<Pr(x ;)
Pr(X,X;)=a, ;- Pr(X,;)Pr(X ) such thate, ; >1
By (22), > Pr(X;) - >’ Pr(X, X)) can be written as:
D OPr(X,) = Y Pr(X, X ;) =
Pr(X)) + Pr(Xy) +...+ Pr(Xy) +...+ Pr(X,) — @ - Pr(X}) Pr(X;) 23)
— a3 Pr(X)) Pr(X3)...—a,y - Pr(X,, ) Pr(X,)
(24) shows an equation that Pr(X)) is replaced by Pr’(X;) whose
value is smaller than Pr(X;) where k € [1, N].
Pr(X)+ Pr(Xy) +...4+ Pr'(Xp) +...4+ Pr(X},) — ¢ 5 - Pr(X ) Pr(X5)
—ay3 - Pr(X)) Pr(X3)..— - Pr(X, ) Pr(X,)
If we assume a;, = o;; =...= a,_;,=o to simplify this problem,
the difference between (23) and (24) can be expressed as in
(25). If this becomes negative, the solutions of max (3 Pr(X))
and max (3 Pr(X;) - 3> Pr(X; X))) must be different since ) Pr(X)
- 2.2 Pr(X, X)) is maximized by Pr’(X;) while > Pr(X)) is not.
Pr(X;)—Pr(Xy)
—a-Pr(X;)Pr(X|)—...—a-Pr(X;)Pr(X,)
+a-Pr(X,)Pr(X)) +..+ a-Pr'(X,)Pr(X,) 25)
=(Pr(X,)-Pr'(X; )1 —a - (Pr(X;)+...
+Pr(X,_1)+Pr(X; ) +..+4Pr(X,))
However, to make (25) positive, Y Pr(X;) needs to be smaller
than / and « has to be / which is the smallest value.

a-(Pr(X))+...+Pr(X;_)+Pr(X; ) +...+ Pr(X,) <1

sa=1Y PrX;)<1
Under this condition in (26), (25) is always positive and the
solution of max(}Pr(X;) is a solution of max(}Pr(X;) -
2> Pr(X;X))) since higher Pr(X;) is always selected than smaller
Pr’(X)).

22)

24)

26)

In (21), the number of x; is determined by power constraints.
x; would try different Pr(;) to find an optimal solution. This is
the same as a replacement of Pr(X}) by Pr’(X),) in lemma 1.
Thereby, if all endpoints are independent and > Pr(V)) is less 1,
we can only focus on the maximization of Y Pr(V;)x;.

Satisfying the first condition that all endpoints are
independent is difficult since all independent endpoints need to
be found which is an NP-hard problem. This will be discussed
in the following section. However, the second condition,
>Pr(N;) <I is not a difficult condition to meet. We can satisfy
it by normalization that adds more idle states to Verilog
functional simulation vectors. In another way, we can add a
new constraint function, > Pr(V;) < 1. Practically, if a chip
designer can measure on-chip worst speed for few clock cycles,
this condition can be simply satisfied. Therefore, (21) can be
updated as an integer linear problem as follows.
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max ZPr(NI-)-xi
subject to

st,- -vdd? - freq; - x; < Powerbudget

SPN;)x; <1, x =01}

This problem can be dealt with 0/1 knapsack problem [11] by
changing type of parameters that is well known in
combinatorial optimization. The 0-1 Knapsack problem is
proven to be NP-hard in the ordinary sense. It can be solved
by a dynamic program in pseudo-polynomial time. Therefore,
we can use a dynamic program approach to find an optimal
solution with constraints.

27)

B. Finding Independent Endpoints by Markov

As addressed in Sec. IV.A, lemma 1 is satisfied under two
conditions. To use the first condition, the proposed method
requires finding all independent endpoints. For this, the
correlation efficient can be expressed as a graph manner. The
correlation coefficient between two different endpoints can be
modeled as an indirect graph where its vertex, edge and weight
are defined as follows.

V; = vertex is each endpoint, N;
E;; =edge is connection between V;(V;) and V;(N))
p = weight is correlation coefficients of V;(NV;) and V;(NV))

This graph G(V, E, p) is represent by NxN adjacency matrix 4
as in (27).

Pl P2 " PN
A= P.z,1 Pg,1 Pg,l 28)
PN PN2 PN,N

In the graph model, finding a set of independent endpoints is
considered as a maximum clique problem in graph theory,
however, this is a well-known NP-complete problem.
Therefore, the proposed method uses an indirect approach such
as a graph clustering algorithm to find independent endpoint
sets. Markov Clustering (MCL), a graph clustering algorithm
based on stochastic flow simulation, has proved to be highly
effective for several networks [9]. The key intuition behind
MCL is that a random walk that visits a dense cluster will
likely not leave the cluster until many of its vertices have been
visited. A column stochastic matrix M is NxN matrix which
can be interpreted as the transition probabilities of a random
walk defined on the network. Given an adjacency matrix 4, a
corresponding canonical flow matrix M can be denoted as,

4
. . n
—=— if " 4,50
— n ’ =1""%J
Miy =) 2 e ) )
0

, otherwise

MCL involves iterative two operations, expansion and inflation.

- Expansion is a simple matrix multiplication, in which M
is taken to the power e>] thus simulating e steps of a
random walk.

- Inflation is an operation, in which M is re-normalized
after taking every entry to its /" power to maximize large
weights and to minimize small weights.

The iteration is halted upon reaching a recurrent state or a
fixpoint [9]. The clustering is induced by connected
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Figure 4. Overall flow of the proposed on-chip timing slack monitoring
methodology.

components of the graph underlying the final matrix. This
algorithm has a complexity of O(NK*) where N is the number
of nodes, and K is the average of neighbors of nodes in the
graph. To reduce runtime, if some correlation coefficients are
less than a certain threshold, this edge can be removed. Finally,
we select an independent endpoint from each cluster by MCL,
which has high switching probability in the cluster.

C. Overall Flow of The Proposed On-Chip Timing Slack
Monitoring Methodology

Fig.4 shows an overall flow of the proposed method. For
on-chip timing slack monitor, we use a special flip-flop
combining a normal flip-flop and a timing slack monitor [1].
Before P&R (place and route), this flip-flop can marginally be
inserted considering timing analysis in the synthesis stage.
After P&R, unnecessary timing slack monitoring flip-flops are
discarded. Since the proposed method inserts the monitor
before P&R, it would be much convenient and practical than
the conventional methods which add the monitor after P&R.

After P&R, critical path reports are extracted by static
timing analysis. For a switching probability and correlation
coefficients calculation of critical paths, we use Verilog
functional simulation data from value change dump (VCD)
files. After a switching probability and correlation coefficients
calculation, the independent endpoint candidates can be found
by MCL. Moreover, the final endpoints are found among
candidates considering observability probability and power
constraints. It needs to be highlighted that the proposed
method can easily integrated with conventional on-chip
monitoring methods [1,2].

V. EXPERIMENTAL RESULTS

For experiments, ISCAS’89 benchmark circuits are
synthesized by FreePDK 45nm library [12] and Synopsys
Design Compiler. Cadence verilog simulator and Synopsys
PrimeTime are used for functional simulation and static timing
analysis. Since ISCAS circuits are benchmark logic whose
function is not generally considered, random functional input
vectors are used for simulations. The proposed method is
implemented with C/C++.

- Observability and efficiency of the proposed method

Table 1 presents the experimental results with various
ISCAS’89 benchmark circuits.  The proposed method is
compared with a worst critical path based method which inserts
timing slack monitor to endpoints with the worst timing slack.
Design information is provided from the first to fourth columns.
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TABLE 1. COMPARISON WITH WORST CRITICAL PATH BASED APPROACH AND THE PROPOSED METHOD

Design information Worst Critical Path based method Proposed method Difference (ratio)

Name ?Zé)l{ # of FF Cpréttl}?sa : S.P. Fé)xe; M(?n?tfors S.P. ?é)\/xe)r an?tfors S.P. E’é)\xe)r Mﬁn?tﬁ)rs

s953 388 29 416 5.54E-02 | 3.72E-01 18 4.98E-02 | 1.86E-01 9 10.05% | 50.08% | 50.00%
$1238 578 18 74 1.91E-02 | 2.88E-01 6 1.69E-02 | 1.94E-01 5 11.62% | 32.56% 16.67%
$5378 | 1470 179 1942 1.71E-01 | 4.05E+00 51 1.53E-01 | 6.22E-01 14 10.88% | 84.64% | 72.55%
$9234 | 1134 211 5336 6.18E-04 | 2.12E-01 29 5.45E-04 | 4.91E-02 5 11.89% | 76.78% | 82.76%
$35932 | 11719 | 1728 10418 | 1.00E+00 | 2.08E+01 288 9.05E-01 | 2.85E+00 32 9.49% 86.28% | 88.89%
$38584 | 12378 | 1426 18276 | 1.00E+00 | 3.40E+01 858 9.08E-01 | 1.06E+00 24 9.22% 96.88% | 97.20%

*S.P. is sum of all switching probability; S.A. is sum of all switching activity for analysis a dynamic power consumption.

The number of critical paths in the fourth column includes not
only worst critical paths but also sub critical paths within
monitoring delay target in Fig. 1. In the fifth column, the sum
of switching probability for all monitors is given for the worst
critical path based method. The sixth column provides the sum
of switching activity, however, this can be considered as power
assuming vdd and freq are the same in the experiments. The
number of monitors by the worst critical path based method is
given in the seventh column. The sum of signal probability,
the sum of switching activity and the number of monitors by
the proposed method are respectively given in the eighth, ninth
and tenth column. As can be seen, the proposed method
achieves a close switching probability to the worst critical path
based method with a smaller number of monitors. This tells
that the proposed method provides high observability with a
small number of monitors. The monitor reduction significantly
reduces a dynamic power consumption of monitors by 32.56 ~
96.88%. The proposed method degrades the sum of switching
probability by 10%, however, it should be noted that the
number of monitors for the proposed method is significantly
small. In addition, processor implementation results of
Slcakprobe [1] show that it introduces an additional power
overhead of 0.12% per monitor. Therefore, we can expect that
reduction of the number of monitor is very important.

- Accuracy of timing critical path switching probability

To compare the critical path switching probability
calculation with Verilog simulation results, Verilog functional
simulations are run with 30M input patterns. For each
simulation, we calculate the switching probability of 200
endpoints in s38584. As in Fig. 1, a monitor delay target is set
and we count the switching probability for each monitor when
its arrival time exceeds the monitor delay target. Fig. 5 shows
the switching probability for each endpoint and the reference
data captured from the Verilog simulation as described above.
It shows some difference between the reference data from
Verilog simulations and the calculated signal probability by the
proposed method. However, considering the difference of the
delay calculation methods between STA and simulation, it
should be noted that the results from the proposed method
shows a good correlation with reference data.

VI. CONCLUSIONS

This paper proposes a novel on-chip timing slack
monitoring methodology. The proposed method includes 1)
switching probability of critical path and endpoint calculation
by timing arc based probability model, 2) a new correlation
coefficient calculation method, and 3) endpoints selection
method for locating on-chip timing slack monitor.
Experimental results show that the proposed method finds a set
of monitor to minimize the power and area. With a small
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Figure 5. Switching probability comparison of proposed method vs. simulation.

number of monitors, they still have a high switching
probability. This means that they would be activated more
often than larger number of monitors with a low switching
probability. Therefore, the proposed on-chip timing slack
monitoring methodology is highly efficient and observable.
We will expand the work for improving accuracy of our model
and adopting vectoreless approach.
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