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(57) ABSTRACT

A method of implementing timing ECO in a circuit includes
the steps of performing a static timing analysis on the circuit
so as to determine at least one timing violating path of the
circuit, decomposing the timing violating path into at least
one violating path segment, determining a smooth curve from
each timing violating path and determining a plurality of
reference points along the smooth curve, computing a fixabil-
ity parameter of each gate on the violating path segment,
extracting at least one gate according to the fixability param-
eters, and selecting one spare cell and disposing the selected
spare cell on the violating path segment.
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METHOD OF IMPLEMENTING TIMING
ENGINEERING CHANGE ORDER

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priorities of Taiwanese
Patent Application No. 101116185, filed on May 7, 2012, and
No. 101128031, filed on Aug. 3, 2012.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to a method of imple-
menting timing engineering change order (ECO), more par-
ticularly to a method of implementing timing ECO that takes
into consideration smoothness of circuit paths.

[0004] 2. Description of the Related Art

[0005] Since complexity in modern integrated circuit (IC)
designhas grown rapidly, some design failures that are hard to
be detected may not be found until later stages of IC design,
such as, after circuit layout, or even after chip fabrication. In
order to correct the late-found design failures, it has become
a trend for a current IC design house to not trace the failure
back to early stages, and to adopt the metal-only engineering
change order instead. The reason is that, in relevant
researches, photomasks for a transistor layer is much more
expensive than photomasks for a metal layer. Therefore,
adopting metal-only ECO and maintaining the photomasks
for the transistor layer unchanged is a cost saving way for
failure correction.

[0006] To facilitate metal-only ECO, a placement tool is
adopted to insert spare cells ina circuit. Once a design failure
1s detected, by selecting and rewiring appropriate spare cells,
the design failure may be corrected. Typically, a circuit design
is usually required to undergo many ECO runs. Therefore,
how to save spare cells during the ECO runs is an important
issue.

[0007] ECO may be classified into functional ECO and
timing ECO. The functional ECO is used to correct functional
errors and/or revise specification. The timing ECO is used to
remedy signal imperfection and fix timing violations by gate
sizing and/or buffer insertion.

[0008] Ingeneral, slack ordelay ofa gate is used to measure
timing criticality of the gate. However, neither the slack nor
the delay can reflect the timing criticality well, such that the
timing violation may not be fixed effectively. For this reason,
how to develop a method of implementing timing ECO,
which is capable of determining timing criticality of gates
precisely and fixing timing violation with less spare cells, is
an object of the present invention.

SUMMARY OF THE INVENTION

[0009] Therefore, an objective of the present invention is to
provide a method of implementing timing engineering
change order (ECO) effectively.

[0010] Accordingly, the method of implementing timing
ECO in a circuit that includes a plurality of gates and that is
provided with a plurality of spare cells, according to the
present invention, comprises the steps of:

[0011] (A)performing astatic timing analysis on the circuit
s0 as to determine at least one timing violating path of the
circuit, each timing violating path including a sequence of the
gates such that from each of its gates there is a wire connect-
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ing to the next gate in the sequence, and having negative edge
slacks, which are slacks of edges that represent wires between
the gates;

[0012] (B) decomposing each of the at least one timing
violating path into at least one violating path segment having
the same edge slack;

[0013] (C)determining a smooth curve from each of the at
least one timing violating path, and determining a plurality of
reference points that are evenly distributed along the smooth
curve and that correspond respectively to the gates on the
timing violating path;

[0014] (D) computing a fixability parameter of each of the
gates on the violating path segment, wherein the fixability
parameter is associated with a smoothness parameter of the
respective gate, and the smoothness parameter is associated
with a distance between the respective gate and the corre-
sponding reference point;

[0015] (E)extracting at least one gate from the gates on the
violating path segment, according to the fixability parameters
of the gates on the violating path segment, to serve as at least
one extracted gate;

[0016] (F)selecting one of the spare cells that is adapted for
improving slack of a corresponding one of the at least one
extracted gate as a selected spare cell, and disposing the
selected spare cell on the violating path segment; and
[0017] (G) rewiring the circuit so as to apply the selected
spare cell.

[0018] An effect of the present invention resides in that, the
fixability parameter of each of the gates is computed using the
smooth curve so as to take into consideration the influence of
geometrical smoothness of a path on timing criticality, such
that the timing criticality of the gates may be determined
precisely.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] Other features and advantages of the present inven-
tion will become apparent in the following detailed descrip-
tion of the four preferred embodiments with reference to the
accompanying drawings, of which:

[0020] FIG. 1 is a flow chart illustrating a first preferred
embodiment of a method of implementing timing engineer-
ing change order (ECO) according to the present invention;
[0021] FIG. 2 is a schematic diagram illustrating a timing
violating path of a circuit;

[0022] FIG. 3 is a schematic diagram illustrating decom-
position of a plurality of timing violating paths into a plurality
of violating path segments;

[0023] FIG. 4 is a schematic diagram illustrating a Bézier
curve determined from a timing violating path and a plurality
of reference points on the Bézier curve;

[0024] FIG. 5is a schematic diagram similar to FIG. 4 that
illustrates the Bézier curve being contained in a convex hull
formed by control points of the Bézier curve;

[0025] FIG. 6 is a schematic diagram similar to FIG. 4 that
illustrates a variation diminishing property of a Bézier curve;
[0026] FIG. 7 is a schematic diagram similar to FIG. 4 that
illustrates high predictability of a Bézier curve;

[0027] FIG. 8 is a schematic diagram illustrating that a
spare cell candidate is a spare cell located within a convex hull
of fanout gates of an extracted gate and the gates on the timing
violating path;

[0028] FIG. 9 is a bipartite graph illustrating that the spare
cells are selected by minimum weight perfect matching;
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[0029] FIG. 10 to FIG. 13 are schematic diagrams illustrat-
ing four cases for composing two violating path segments;
[0030] FIG. 14 is a schematic diagram illustrating that a
spare-cell availability parameter of a gate is associated with a
number of the spare cells in a bounding box formed by fanout
and fanin gates of the respective gate; and

[0031] FIG.15isaschematic diagram illustrating that mul-
tiples of the gates are extracted in a third preferred embodi-
ment of the method according to the present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0032] Referring to FIG. 1, a first preferred embodiment of
a method of implementing timing engineering change order
(ECO) according to the present invention is illustrated. The
timing ECO is to be implemented in a circuit that includes a
plurality of gates and that is provided with a plurality of spare
cells, so as to fix timing violations of the circuit. In the
following description, H=(G,F) is used to represent the cir-
cuit, wherein each node g,G represents a gate on the circuit,
D(i) represents rise or fall delay of the gate g, and each edge
e(i,j)eE represents the wire between two gates g2 €G. Pro-
cedures for the first preferred embodiment of the method of
implementing the timing ECO are illustrated hereinafter.
[0033] First, step S01 is to perform a static timing analysis
on the circuit so as to determine at least one timing violating
path of the circuit. The timing violating path includes a
sequence of the gates such that from each of its gates there is
a wire connecting to the next gate in the sequence, and has
negative edge slacks, which are slacks of edges that represent
wires between the gates. Definitions associated with the tim-
ing violating path are explained hereinafter. In this embodi-
ment, all of the timing violating paths of the circuit are deter-
mined in the static timing analysis, such that all timing
violations in the circuit may be thus fixed.

[0034] An arrival time A(i) of an output signal of the gate
g,€G is computed as

A@) = mj’«_lX{A(j) | e(j, i) € E}+ D(j).

[0035] A required time R(i) of the gate g,eG is computed as

R(, k) | R(i, k) = Rik) — D(k),
eli, k) e E }

RG) = mink{

[0036] wherein R(1,k) is an edge required time of the edge
e(i.k).

[0037] Edge slack S(i,j) is slack of the edge e(i.)) that is
contributed from the gate g; back to the gate g,, and that is
computed as

SEARES)-40).

[0038] Gate slack S(i) is slack of the gate g(i), and is com-
puted as

S() =min{SG, j)| e(i j) € E}.
J
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[0039] Alternatively, the gate slack S(i) can be computed as

SE=RE)-A().

[0040] Based on the aforementioned definitions, a timing
violating path P can be defined as a path with

S5(,/)<0, Ve (i,eP

[0041] An example is given in FIG. 2 for explanation of the
aforementioned definitions. In FIG. 2, circles represent the
gates in the circuit, numbers in the circles represent assigned
numbers to the respective gates, for example, the circle with
anumber of 5 stands for the gate g;. Arrows represent inter-
connections between the gates. A series of numbers under
each of the circles respectively represent delay/arrival time/
required time/slack of a corresponding one of the gates. It is
evident from FIG. 2 in combination with the aforementioned
definitions that the edge slack S(3,1)=4-4=0, S(3,2)=3-4=-
1, and the gate slack S(3)=-1. Moreover, since the edge slacks
of the edges between interconnected ones of the gates g, g,
and g, are all negative, a path through the gates g, g;, and g,
is a timing violating path.

[0042] After all timing violating paths of the circuit are
determined in step S01, step S02 is to decompose each timing
violating path into at least one violating path segment having
the same edge slack. The violating path segment is a segment
of the timing violating path that includes the most consecutive
edges having the same negative edge slack. A circuit on the
left side of FIG. 3 is given as an example, and numbers
proximate to arrows represent edge slacks. It is evident from
FIG. 3 that the circuit includes a plurality of timing violating
paths. After step S02, the timing violating paths are decom-
posed into three violating path segments shown on the right
side of FIG. 3, which are respectively P(6,1), P(7,1), and
P(4,2), and each of the violating path segments respectively
has the same edge slacks of -1, -2, and -1. It is noted that, in
this embodiment, when step S02 is performed, buffers and
inverter pairs on the timing violating paths are released, and
the released buffers and inverter pairs are regarded as avail-
able spare cells. In other words, the violating path segments
do not include the buffers and inverter pairs on the original
timing violating path from which the violating path segments
are decomposed.

[0043] Subsequently, step S03 is to compute a fixability
parameter T, (i) of each of the gates on the violating path
segment. The fixability parameter T.(i) is associated with a
smoothness parameter T (i), a flexibility parameter T/i), and
a path sharing parameter T, (1) of the respective gate g(i). The
fixability parameter T_(i) is expressed as

LOTA+TO)T,0),YgeG

[0044] The fixability parameter T (i) is used to indicate
timing criticality of the respective gate g(i). In this embodi-
ment, a higher value of the fixability parameter T, (i) repre-
sents higher timing criticality of the respective gate g(i).
Computations related to the smoothness parameter T (i), the
flexibility parameter Ti), and the path sharing parameter
T, (1) are explained hereinafter.

[0045]  The flexibility parameter T (i) reflects the room for
timing improvement, and is associated with a wire loading
impact for the respective gate T,(1) and a slack difference of
the respective gate T (i). The wire loading impact T,i) is
associated with a difference between gate delays of the
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respective gate g(i) with and without wire loading (D(i) and
Dy (1)), that is

T{ii=D(i)-Dq(i),Vg£G.

[0046] The wire loading impact T,(i) corresponds to the
maxinum improvement that can be obtained by wire loading
reduction. The slack difference T,(i) is associated with a
difference between the worst one and the second worst one of
the edge slacks of the respective gate g(i) to fanout gates of the
respective gate g(i), that is

L {S(/@ FIENOINOER(A J')-,}
T4 =mk1n .

ek, JeE

[0047] The slack difference T (i) gives an upper bound of
the impact on slack when the delay of the respective gate g(i)
is improved. Preferably, the flexibility parameter T/i) is asso-
ciated with the smaller one of the wire loading impact T (i)
and the slack difference T (i), i.e.

T()=min(Ty(i),T,()).

[0048] A path with good timing is desired to be geometri-
cally smooth. The smoothness parameter T,(i) is related to
geometrical smoothness of the violating path segment. To
calculate the smoothness parameter T, (1), first of all, a smooth
curve is determined from the timing violating path. The
smooth curve is utilized as a baseline to measure the smooth-
ness of the timing violating path. In this embodiment, the
smooth curve is a Bézier curve, and the gates on the timing
violating path are used as control points of the Bézier curve.
Given as set of n+1 gates g, g4, .. ., 2, on the timing violating
path, the corresponding Bézier curve C(t) is given by a
weighted sum of the control points

[0049] whereinB, (1) is a Bernstein polynomial and te[0,1].
Referring to FIG. 4, a curve C is the corresponding Bézier
curve of a timing violating path from gate g, to gate g5, which
has only one violating path segment.

[0050] A subsequent step for calculating the smoothness
parameter T (i) is to determine a plurality of reference points
that are evenly distributed along the smooth curve and that
correspond respectively to the gates on the timing violating
path. The timing violating path and the curve C in F1G. 4 are
given as an example. Since the Bézier curve C(t) has a curve
interval of [0,1], and there are five gates on the timing violat-
ing path, the reference points corresponding to the gates g,
2 - - - 5 85 are C(t=0.00), C(t=0.25), C(t=0.50), C(t=0.75),
and C(t=1.00), respectively.

[0051] A wirelength between each of the gates on the vio-
lating path and the corresponding reference point is consid-
ered as a wirelength penalty of the respective gate. Therefore,
the smoothness parameter of the respective gate is defined as
a difference between a gate delay related to the distance
between the respective gate and the corresponding reference
point Dg(1)and a gate delay related to zero wire loading Dy (1).
The smoothness parameter T (i) is represented as

I()=Dy{i)-Dy(1),Vg,€G.

Nov. 7,2013

[0052] It is noted that a Bézier curve has the following
properties. First, a Bézier curve must be completely con-
tained inside a convex hull of control points of the Bézier
curve (i.e., the Bézier polygon). Referring to FIG. 5, the
Bézier curve C is contained inside a convex hull A; of the
gates g, 2., ..., g5

[0053] Moreover, referring to FIG. 6, a number of intersec-
tion points of any straight line (suchas L, or L,) witha Bézier
curve is at most equal to a number of intersection points of the
same straight line (L, or L,) with polylines formed by the
control points (i.e., the gates g,~g,). This property is called
variation diminishing.

[0054] Further, a Bézier curve has a property of high pre-
dictability. If a position of a control point of the Bézier curve
is adjusted, a shape of the Bézier curve changes accordingly
in a predictable manner. Referring to FIG. 7, when the gate g,
is moved toward the top left of FIG. 7, the shape of the Bézier
curve changes accordingly. Based on the aforementioned
three properties, Bézier curves are suitable to model geo-
metrically smooth paths.

[0055] The path sharing parameter T,(i) is defined as a
number of timing violating paths passing through the same
respective gate. Since the more timing violating paths pass
through a gate, the more timing of the timing violating paths
may be improved at the same time when timing of the gate is
improved, the path sharing parameter T,(i) may thus effec-
tively measure timing criticality of a gate.

[0056] After computing the fixability parameter T, (i) of
each of the gates on the violating path segment in step S03,
step S04 is to extract one gate from the gates on the violating
path segment, according to the fixability parameters of the
gates on the violating path segment, to serve as an extracted
gate. In this embodiment, the gate having the highest fixabil-
ity is extracted to serve as the extracted gate.

[0057] Step S05 is to select one of the spare cells that is
adapted forimproving slack of the extracted gate as a selected
spare cell. In this embodiment, the selected spare cell is to be
selected from atleast one spare cell candidate. The at least one
spare cell candidate is determined from the spare cell that is
adjacent to the extracted gate. Preferably, the at least one
spare cell candidate is the spare cell located within a convex
hull of fanout gates of the extracted gate and the gates on the
timing violating path. For example, referring to FIG. 8, when
a gate g, on a violating path segment P(1,4) is extracted, step
S05 is to select one spare cell from a convex hull A, of the
fanout gates of the extracted gate (g, g5 and g¢) and the gates
on the timing violating path (g,~g,). Since spare cells s, and
s, are located within the convex hull A,, the spare cells s, and
s, are the spare cell candidates for the gate g,. Onthe contrary,
since spare cell s, is not located within the convex hull A, the
spare cell s, is not a spare cell candidate for the gate g
[0058] Inthis embodiment, step SO05 is regarded as a prob-
lem of minimum weight perfect matching. Referring to a
bipartite graph B=(G.,GEy) illustrated in FIG. 9, a gate
£.€G denotes the extracted gate on the i-th violating path
segment (i.e., the gate having the highest fixability), and a
spare cell g, G gdenotes a spare cell candidate. Weight w(g,,,
g,;) expresses the slack improvement if the gate g , is matched
to the spare cell g . The slack if' the gate g, is matched to the
spare cell g, is represented as

Ste; S)7R(ger)-Agy)-

[0059] The aforementioned equation of slack may be esti-
mated by means of the shielding effect and the loading domi-
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nance. A detailed description related to the shielding effect
and the loading dominance is disclosed in “ECO timing opti-
mization using spare cells and technology remapping” pub-
lished in Proc. IEEE/ACM Int’l Conf. on Computer-Aided
Design (ICCAD). The article is referred to as prior art DCP
hereinafter.

[0060] In this embodiment, the weight w(g,..g,) is repre-
sented as

0, S(eils)=0;
§'(ci|s))
mkax{S’(c; ['se)187(ci Isx) > 0F

S'cilsp) >0
WGei, ggj) =
S'cil sp)

H?H{S’(Ci [s) 18 (ci [ s) < OF

1+ — S'(ei | s;)<0.

w(gai, gs) € [0, 2].

[0061] When selecting an adequate spare cell, the spare cell
that is able to make the edge slack of the violating path
segment equal to zero has the highest priority for selection
(i-e, W(g,;;g,)70), the spare cell that is able to make the edge
slack of the violating path segment equal to a positive value
has the second highest priority for selection (.., 0<w(g,.g,)
<1), and the sparecell thatis able to make the edge slack of the
violating path segment equal to a negative value has the least
priority for selection (i.e., 1<w(g,,g;)=2). In this way, cost
efficiency of the timing ECO may be promoted. It is noted
that, in calculating the weight w(g,.g, ), the spare cell candi-
dates that cause more timing violations after matching are
ignored. In other words, only spare cell candidates that are
able to improve slacks are considered when calculating the
weight w(g,.g,)-

[0062] The selected spare cell is disposed on the violating
path segment corresponding to the extracted gate. More spe-
cifically, the selected spare cell is used to replace the extracted
gate (i.e., gate sizing). Alternatively, the selected spare cell is
inserted in the violating path segment corresponding to the
extracted gate (i.e., buffer insertion).

[0063] Subsequently, step SO06 is to compose the violating
path segments. When composing the violating path segments,
a propagation property is utilized. The propagation property
means that if a gate delay of a gate on a violating path segment
P(i,j) is improved (decreased) by t, t=min{T (w)lg, €P(,j)},
each edge slack of the violating path segment will also be
improved (increased) by t. It is noted that if the gate is passed
by nultiple violating path segments, all the edge slacks of the
violating path segments passing through the gate should be
improved (increased) by t. Four cases for composing the
violating path segments are illustrated in FIGS. 10to 13. FIG.
10 and FIG. 11 illustrate the cases when two violating path
segments P(i,j) and P(1k) join at a gate g,, and FIG. 12 and
FIG. 13 illustrate the cases when two violating path segments
P(i,j) and P(k,]) fork at a gate g,. Assume that the edge slack
of the violating path segment P(i,j) is S,, the extracted gate
thereof is g, and the gate delay is improved by t, after dis-
position of a selected spare cell. Further assume that the edge
slack of the violating path segment P(1,k) is S,, the extracted
gate thereof is g,, and the gate delay is improved by t, after
disposition of a selected spare cell. Referring to FIG. 10, after
composing the violating path segments P(i,j) and P(1k), the
edge slack of the violating path segment P(i;j) is S, +t,, and
the edge slack ofthe violating path segment P(Lk) is S,+t, +t,.
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Referring to FIG. 11, after composing the violating path
segments P(1,j) and P(l,k). three violating path segment are
generated as P(1,k), P(Lk) and P(k,j), respectively. The edge
slack of the violating path segment P(1,k) is S+t , the edge
slack of the violating path segment P(l,k) is S,+t,, and the
edge slack of the violating path segment P(k,j) is S, +max{A
+D(K)-t,, AW)+D(K)-t,}.

[0064] Referring to FIG. 12, after composing the violating
path segments P(i,j) and P(k,1), the edge slack of the violating
path segment P(i,j) is S, +t,, and the edge slack of the violat-
ing path segment P(k,1)is S, +t, +t,. Referring to F1G. 13, after
composing the violating path segments P(i,j) and P(k.1), three
violating path segment are generated as P(i,k), P(k,) and
P(k,j), respectively. The edge slack of the violating path seg-
ment PGk) is S;+min{R(v)-D(v)+t;,R(w)-D(w)+t,}, the
edge slack of the violating path segment P(k,l) is S,+t,, and
the edge slack of the violating path segment P(k,j) is S, +t,.
[0065] After composition of the timing violating path seg-
ments, step S06 is further to determine whether each of the
extracted gates of a respective one of the violating path seg-
ments is a redundant gate, and when it is determined that the
extracted gate is the redundant gate, disposition of the
selected spare cell, which corresponds to the redundant gate,
on the violating path segment corresponding to the redundant
gate is cancelled. The redundant gate is the extracted gate
whose slack is fixed to be not smaller than zero when another
one of the violating path segments is disposed with the cor-
responding selected spare cell. For example, referring to FIG.
10, if S,+t, <0, g, is a redundant gate.

[0066] Subsequently, step S07 is to perform the static tim-
ing analysis once again on the circuit, and determine whether
there is any timing violating path of the circuit. The method
proceeds to step S02 if it is determined in step S07 that there
is the timing violating path, and proceeds to step SO08 if
otherwise.

[0067] Finally, SO8 is to rewire the circuit so as to apply the
selected spare cell (i.e., rewire design), and the procedures for
the first preferred embodiment of the method end.

[0068] A second preferred embodiment of the method of
implementing timing ECO according to the present invention
is substantially similar to the first preferred embodiment, and
differs in the configurations that, in step S03, the fixability
parameter T (i) is further associated with a spare-cell avail-
ability parameter T (i) of the respective gate. In this embodi-
ment, the fixability parameter T, (1) is expressed as

BT+ TNTETL0),V£G

[0069] The spare-cell availability parameter T (i) is asso-
ciated with a number of the spare cells in the vicinity of the
respective gate. The timing ECO cannot be implemented
when there is no spare cell adjacent to the extracted gate.
Therefore, the spare-cell availability parameter T (1) is a scale
factor corresponding to an impact of available spare cells. In
this embodiment, the spare-cell availability parameter T (1) 1s
defined as

1, ng(i) >0
T(D= .
a, 1) =0

[0070] wherein o is a user-specified parameter €(0,1], and
n(i) is a number of the spare cells in a bounding box formed
by fanoutand fanin gates of the respective gate. When n (1)=0,
a is used to reduce the spare-cell availability parameter T (i)
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so as to reduce the fixability parameter T, (i) accordingly. A
circuit in FIG. 14 is given as an example. When a gate g, on a
violating path segment P(1,5) is extracted to serve as avail-
ability parameter T,(2), a number of the spare cells in a
bounding box A, formed by fanout and fanin gates g, g and
g, of the extracted gate g, is considered. Since a spare cell s,
1s inside of the bounding box A, and a spare cell s, is outside
of the bounding box A;, n(2)=1 and T,(2)=1. By taking the
spare-cell availability parameter T (i) into consideration, the
fixability parameter T (i) may express timing criticality of the
respective gate more precisely.

[0071] A third preferred embodiment of the method
according to the present invention is similar to the second
preferred embodiment, and differs in the configurations that,
in step S04, a number of the gates to be extracted from the
gates on the violating path segment is further considered. That
is, the extraction process is extended from one gate per seg-
ment to multiple gates per segment.

[0072] Specifically, step S04 includes the following sub-
steps.

[0073] A first sub-step is to sort the gates on the violating
path segment in a decreasing order of the fixability param-
eters. The sorted gates are denoted as ¢, ¢, . . . .

[0074] A second sub-step is to calculate a slack improve-
ment bound parameter T, (j) of each of the gates on the
violating path segment, wherein the slack improvement
bound parameter T, () is a maximum improvement on slack
available for the respective gate by disposing any one of the
spare cell candidates s, on the violating path segment. Assum-
ing that the edge slack of the violating path segment is S,, the
slack improvement bound parameter T,,(j) is represented as

Tn)) = me{S’(Cj | 'si) = Sil

[0075] A third sub-step is to calculate a number n of the
gates on the violating path segment to be extracted for serving
as the at least one extracted gate, wherein the number n thus
calculated is a minimum required number of the slack
improvement bound parameters T,,(j), such that a sum of the
slack improvement bound parameters T,,(j) in the order the
gates are sorted is not smaller than the edge slack S, of the
violating path segment. The number n may be obtained by the
following relationship:

Nov. 7,2013

Sz, Tl = —Zlmkax{swcj |5 =5}
J= J=

[0076] A fourth sub-step is to extract at least one gate from
the gates on the violating path segment, according to the
fixability parameter T (i) and the number n calculated in the
third sub-step, to serve as the at least one extracted gate. A
violating path segment P(1,4) in FIG. 15 is given as an
example for explanation. In FIG. 15, the fixability parameter
of each of the gates is marked at a top right of a respective one
of the gates, for example, the fixability parameter of the gate
g, is 3. The slack improvement bound parameter of each of
the gates is marked at a bottom right of a respective one of the
gates, for example, the slack improvement bound parameter
of the gate g, is 1. Assuming that the edge slack of the
violating path segment P(1,4) is -3, the number n of the gates
on the violating path segment P(1,4) to be extracted for serv-
ing as the at least one extracted gate is 2 (i.e., two gates are to
be extracted), and the gates g, and g, are extracted (because
-32(2+1). In this embodiment, by taking the number n of the
gate 1o be extracted into consideration, the efficiency of the
timing ECO may be further promoted.

[0077] A fourth preferred embodiment of the method
according to the present invention is similar to the first pre-
ferred embodiment, and differs in the configurations that the
fixability parameter T, (1) is only associated with the smooth-
ness parameter T (i), that is

L@)=1,(0),¥g#G.

[0078] Relevant experimental data resulting from experi-
ments using the first to fourth preferred embodiments of the
method of implementing timing ECO are illustrated herein-
after, and are compared with two conventional techniques.
One of the conventional techniques is the aforementioned
prior art DCP, the other one is a technique disclosed in an
article “Redundant-wires-aware ECO timing and mask-cost
optimization” published in Proc. IEEE/ACM Int’1 Conf. on
Computer-Aided Design (ICCAD), and is referred to as prior
art ILP hereinafter. The experiments were conducted with five
industrial benchmark circuits which were also adopted in the
prior arts DCP and ILP. The statistics of these circuits are
summarized in Table I, and include the benchmark name
(Circuit names), the number of gates in each design (Gate
count), the number of available spare cells (#Spare cell), the
clock period (Cycle), the number of timing violating paths
(#Violating paths), the maximum number of gates on one
timing violating path (#Max path), the total number of gates
passed by the timing violating paths (#Gate passed), the worst
negative slack (WNS), and the total negative slack (TNS).

TABLE I
Circuit Gate #Spare  Cycle #Violating Max #Gate WNS TNS
names count cells (ns) paths #gate passed (ns) (us)
1 28,927 860 38 16 164 2,604 11 9.8
2 200,504 860 40 80 178 13,627 108 3120
3 91,107 860 37 27 173 4,059 193 3190
4 18,932 860 18 22 85 1,278 68 700
5 38,011 8,600 18 137 72 9,160 2.8 1610
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[0079] Table II provides the comparison among the prior
arts DCP and ILP and the third preferred embodiment of the
present invention on total negative slack (TNS) and run time.
TableII also lists the number of resulting spare cells (#Result-
ing spares), the number of used buffers (#Used buf.), the
number of released buffers/inverters (#Released buf/inv), the
number of iterations (#lte.), the maximum number of timing
violating paths shared (Max #path shared), and the number of
violating path segments (#Path segments). It is evident from
Table II that the third preferred embodiment is capable of
making the total negative slack of each of the five circuits
equal to zero, and has efficiency 122.7 and 229.14 times
higher than the prior arts DCP and ILP, respectively. It is
noted that, compared to the number of gates passed by all
timing violating paths (#Gate passed) in Table I, the number
of violating path segments (#Path segments) in Table II is
much smaller. Therefore, the third preferred embodiment of
the present invention is capable of significantly reducing
complexity in the timing ECO, so as to promote the efficiency
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for implementing the timing ECO. Moreover, the number of
iterations (#Ite.) in Table 11 is small, implying that the present
invention may fix timing violations of a circuit effectively.
[0080] Table Il summarizes the comparison of run time,
the number of resulting spare cells (#Resulting spares), the
number of used buffers (#Used buf.), the number of released
buffers/inverters (#Released buf/inv), and the number of
iterations (#Ite.) among the first, second and third preferred
embodiments. It is evident from Table III that the second
preferred embodiment consumes fewer buffers than the first
preferred embodiment, and the third preferred embodiment
consumes even zero buffers, such that the third preferred
embodiment has the best cost efficiency. Moreover, the num-
ber of iterations (#Ite.) of the third preferred embodiment is
fewer than those of the first and second preferred embodi-
ments, and run time of the third preferred embodiment is 3.32
and 4.09 times faster than those of the first and second pre-
ferred embodiments, implying that the third preferred
embodiment has the best efficiency.

TABLE I
DCP ILP The third preferred embodiment
Initial Run Run Run Max
Circuit #Spare TNS Time TNS time TNS time #Resulting #Used #Released #path #Path
name cells  (ns) (s) (ns) (s) (ns) (s spares buf. buf/inv  #lte. shared segments
1 860 0.0 6.12 0.0 4242 00 028 880 0 8/12 1 16 19
2 860 0.0 2571 0.0 109.48 0.0 3.90 893 0 7/26 2 30 138
3 860 14.93 1233 0.0 2629 00 0.99 949 0 19/70 2 27 73
4 860 6.27 2431 0.0 5541 00 0.05 898 0 32/6 1 9 22
5 8600 0.0 1761.16 0.0 318287 00 9.69 8,600 0 0/0 31 5 137
Ratio 1.00 122.71 229.14 1.00 1.01
TABLE IIT
The third preferred embodiment The second preferred embodiment The first preferred embodiment
Run # # # Run # # # Run # # #
Circuit  time  Resulting Used Released time Resulting Used Released time Resulting Used Released
name (s) Spares buf.  bufinv  #Ite. (s) Spares  buf.  buffinv  #lte. (s) Spares  buf.  bufiinv  #Ite.
1 0.28 880 0 8/12 1 0.39 879 1 §/12 1 0.38 879 1 8/12 1
2 3.90 893 0 726 2 6.13 895 0 7/28 3 6.14 895 0 7/28 3
3 0.99 949 0 19/70 2 1.14 944 1 17/68 2 1.11 944 1 17/68 2
4 0.05 898 0 32/6 1 0.31 898 0 32/6 3 0.29 898 0 32/6 3
5 9.69 8,600 0 0/0 31 41.56 8,553 47 0/0 74 53.01 8,553 67 0/0 73
Ratio 1.00 0.00 1.00 1.00 332 0.71 1.00 224 409 1.00 1.00 2.22
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[0081] TableIV illustrates the experimental data associated
with the fourth preferred embodiment. Compared with Table
11, while the fourth preferred embodiment is also capable of
making the total negative slack of each of the five circuits
equal to zero, the number of iterations of the fourth preferred
embodiment is slightly more than that of the third preferred
embodiment.

TABLE IV

The fourth preferred embodiment

Circuit TNS #Resulting #Used #Released

name (ns) spares buf. buf/inv #lte.
1 0.0 880 0 8/12 1
2 0.0 893 0 7/26 2
3 0.0 936 1 15/62 2
4 0.0 898 0 32/6 1
5 0.0 8,588 12 0/0 52

[0082] To sum up, the method of implementing timing
ECO according to the present invention, by virtue of the
fixability parameter which is associated with the smoothness
parameter, is capable of precisely determining timing criti-
cality of a gate. Moreover, by virtue of the spare-cell avail-
ability parameter and the number of the gates on the violating
path segment to be extracted for serving as the extracted
gates, the present invention may implement the timing ECO
with fewer spare cells. Last but not the least, by decomposing
the timing violating path into at least one violating path seg-
ment, the present invention may promote efficiency for the
timing ECO.

[0083] While the present invention has been described in
connection with what are considered the most practical
embodiments, it is understood that this invention is not lim-
ited to the disclosed embodiments but is intended to cover
various arrangements included within the spirit and scope of
the broadest interpretation so as to encompass all such modi-
fications and equivalent arrangements.

What is claimed is:

1. A method of implementing timing engineering change
order (ECO) in a circuit that includes a plurality of gates and
that is provided with a plurality of spare cells, comprising the
steps of:

(A) performing a static timing analysis on the circuit so as
to determine at least one timing violating path of the
circuit, each timing violating path including a sequence
ofthe gates such that from each of its gates there is a wire
connecting to the next gate in the sequence, and having
negative edge slacks, which are slacks of edges that
represent wires between the gates;

(B) decomposing each of the at least one timing violating
path into at least one violating path segment having the
same edge slack;

(C) determining a smooth curve from each of the at least
one timing violating path, and determining a plurality of
reference points that are evenly distributed along the
smooth curve and that correspond respectively to the
gates on the timing violating path;

(D) computing a fixability parameter of each of the gates on
the violating path segment, wherein the fixability param-
eter is associated with a smoothness parameter of the
respective gate, and the smoothness parameter is asso-
ciated with a distance between the respective gate and
the corresponding reference point;

Nov. 7,2013

(E) extracting at least one gate from the gates on the vio-
lating path segment, according to the fixability param-
eters of the gates on the violating path segment, to serve
as at least one extracted gate;

(F) selecting one of the spare cells that is adapted for
improving slack of a corresponding one of the at least
one extracted gate as a selected spare cell, and disposing
the selected spare cell on the violating path segment; and

(G) rewiring the circuit so as to apply the selected spare
cell.

2. The method as claimed in claim 1, wherein step (F)

includes the sub-step of:

determining at least one spare cell candidate, from the
spare cells, that is adjacent to the extracted gate, the
selected spare cell to be selected from the at least one
spare cell candidate.

3. The method as claimed in claim 1, further comprising,

between step (F) and step (G):

(H) performing the static timing analysis once again on the
circuit, and determining whether there is any timing
violating path of the circuit,

wherein the method proceeds to step (B) ifit is determined
in step (H) that there is the timing violating path, and
proceeds to step (G) if otherwise.

4. The method as claimed in claim 1, wherein, in step (D),
the fixability parameter is further associated with a flexibility
parameter of the respective gate, the flexibility parameter
being associated with a wire loading impact for the respective
gate, the wire loading impact being associated with a differ-
ence between gate delays of the respective gate with and
without wire loading.

5. The method as claimed in claim 4, wherein, in step (D),
the flexibility parameter is further associated with a slack
difference of the respective gate, the slack difference being
associated with a difference between the worst one and the
second worst one of the edge slacks of the respective gate to
fanout gates of the respective gate.

6. The method as claimed in claim 5, wherein the flexibility
parameter is associated with the smaller one of the wire
loading impact and the slack difference.

7. The method as claimed in claim 6, wherein the fixability
parameter is associated with a sum of the smoothness param-
eter and the flexibility parameter.

8. The method as claimed in claim 1, wherein, in step (D),
the fixability parameter is further associated with a path shar-
ing parameter of the respective gate, the path sharing param-
eter being associated with a number of timing violating paths
passing through the respective gate.

9. The method as claimed in claim 1, wherein, in step (C),
the smooth curve is a Bézier curve.

10. The method as claimed in claim 9, wherein, in step (D),
the smoothness parameter of the respective gate is further
associated with a difference between a gate delay related to
the distance between the respective gate and the correspond-
ing reference point and a gate delay related to zero wire
loading.

11. The method as claimed in claim 2, wherein, in step (F),
the spare cell that is able to make the edge slack of the
violating path segment equal to zero has the highest priority
for selection, the spare cell thatis able to make the edge slack
of the violating path segment equal to a positive value has the
second highest priority for selection, and the spare cell that is
able to make the edge slack of the violating path segment
equal to a negative value has the least priority for selection.
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12. The method as claimed in claim 1,

wherein, in step (D), a higher value of the fixability param-
eter represents higher timing criticality of the respective
gate; and

wherein, in step (E), the gate having the highest fixability is

extracted to serve as the extracted gate.

13. The method as claimed in claim 3,

wherein, in step (B), the timing violating path is decom-

posed into a plurality of violating path segments; and

wherein step (F) includes:

composing the violating path segments,

determining whether each of the extracted gates of a
respective one of the violating path segments is a
redundant gate, and

when it is determined that the extracted gate is the redun-
dant gate, cancelling disposition of the selected spare
cell, which corresponds to the redundant gate, on the
violating path segment corresponding to the redun-
dant gate, wherein the redundant gate is the extracted
gate whose slack is fixed to be not smaller than zero
when another one of the violating path segments is
disposed with the corresponding selected spare cell.

14. The method as claimed in claim 1, wherein, in step (B),
the violating path segment is a segment ofthe timing violating
path that includes the most consecutive edges having the
same negative edge slack.

15. The method as claimed in claim 2, wherein, in step (F),
the spare cell candidate is the spare cell located within a
convex hull of fanout gates of the at least one extracted gate
and the gates on the timing violating path.

16. The method as claimed in claim 1, wherein, in step (F),
the selected spare cell is used to replace the at least one
extracted gate.

17. The method as claimed in claim 1, wherein, in step (F),
the selected spare cell is inserted in the violating path segment
corresponding to the extracted gate.
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18. The method as claimed in claim 1, wherein, in step (D),
the fixability parameter is further associated with a spare-cell
availability parameter of the respective gate, the spare-cell
availability parameter being associated with the number of
the spare cells in vicinity of the respective gate.

19. The method as claimed in claim 18, wherein the spare-
cell availability parameter of the respective gate is further
associated with the number of the spare cells in a bounding
box formed by fanout and fanin gates of the respective gate.

20. The method as claimed in claim 2,

wherein, in step (D), a higher value of the fixability param-

eter represents higher timing criticality of the respective

gate;

wherein step (E) includes the sub-steps of:

(E1) sorting the gates on the violating path segment in a
decreasing order of the fixability parameters,

(E2) calculating a slack improvement bound parameter
of each of the gates on the violating path segment,
wherein the slack improvement bound parameter is a
maximum improvement on slack available for the
respective gate by disposing any one of the spare cell
candidates on the violating path segment,

(E3) calculating a number of the gates on the violating
path segment to be extracted for serving as the at least
one extracted gate, wherein the number thus calcu-
lated is a minimum required number of the slack
improvement bound parameters, such that a sum of
the slack improvement bound parameters in the order
the gates are sorted is not smaller than the edge slack
of the violating path segment, and

(E4) extracting at least one gate from the gates on the
violating path segment, further according to the num-
ber calculated in step (E3), to serve as the at least one
extracted gate.
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