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Abstract The recently proposed online mean-value thermodynamic combustion
model suffers from its error-prone CAS0 prediction. In an effort to improve the
accuracy of CAS50 prediction in the case of ignition retard, this paper demonstrates
the convergence of normalized IMEPH-CASO predictions towards a unanimous
characteristic curve indiscriminately for various gasoline engine selections, speeds
and loads. For the first time, this paper reveals the physical principle of a char-
acteristic curve via an ideal-heat-release model and thereby formulates a validity
region of the IMEPH-CAS50 predictions. The predicted values outside of the region
will then be corrected by a surrogate of the characteristic curve. In this way, ECUs
successfully identify invalid CA50 predictions online and modulate them towards
the actual values. Large-scale experiments have shown the developed method
improves the accuracy in CA50 prediction, while preserving the high accuracy of
IMEPH prediction.
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1 Introduction

Recent soaring gasoline price has placed a higher demand on gasoline engine
control for the purpose of higher fuel efficiency. To optimize the control of air
flow, modern vehicles replace the mechanical throttle with electronic throttle
control (ETC.) for complete air path control [1, 2]. As a result, a valid torque
model is required in order to project the desired driver torque to the desired air
mass [3]. In the case of ignition angle (IGA) retard, the required air amount can
vary vastly because torque magnitude can be altered by late ignition [4]. Current
engine control units (ECU) makers have developed a simple torque model to
represent the late IGA effects. The model uses a parabolic data-fitted curve to map
a retarded ignition angle (IGA) to a normalized indicated-mean-effective-pressure-
high (IMEPH) loss, which is named as the “data-fitted torque model”. To further
cut the cost, ECU makers have been practicing to use a unique model to support all
engine fleets on the market. For years, this model has been considered sufficient in
fulfilling the requirement of torque prediction accuracy for all gasoline engines.
The data proof of this action, however, has been scarce in literature.

This paper demonstrates large IMEPH-IGA dataset over wide range of engine
selections and evaluates the model performance with numerical proof. In Sect. 2.1,
a normalized graph will render the torque data in the entire operation range and
thereby reveal both the performance and limitation of the data-fitted torque model.
The major limitation is found to be the large model error in large IGA retard
region. In order to renovate the accuracy in the particular region, the authors
recently proposed an online mean-value thermodynamic combustion model that
generates cycle-to-cycle IMEPH and CAS5O0 prediction [5, 6]. When applied to the
case of ignition retard, the new model has shown more accuracy and robustness in
torque prediction compared with that of a data-fitted model. This paper will further
expound the amount of improvement in IMEPH precision with large-scale data
proof. Meanwhile, this paper will also investigate into the quality of model’s CA50
prediction and develop a method to explore its use in torque validity diagnosis.

With fluid energy dynamics fully monitored, the online combustion model can
provide real-time prediction of combustion phasing, such as 50 % fuel burn
moment (CA50). This feature turns out to be equally important as the torque
prediction capability in today’s engine control design, because CA50 has been
widely used as the most representative index of combustion quality [7-9]. Some
advanced control strategy relies heavily on the knowledge of CA50. One example
is the self-calibration scheme that modulates the VVT set-points according to the
real-time knowledge of torque and CAS50 [8], in which way an engine can defy
aging and maintain high efficiency throughout its life. There has been an effort to
corporate the online combustion model with the self-calibration scheme. No sig-
nificant success has been made due to more than 15 % averaged error in the
predicted results by the combustion model (or other CA5S0 models) [5, 8]. This
amount of error fails most advanced control strategies while their nominal benefit
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is commonly less than 8 %. As a result, there exists strong urge to improve the
precision of online CA50 prediction.

Several efforts have been made to improve the CA50 prediction online. One is
to carefully parameterize the coefficients of the combustion model according to
different running conditions [5, 10]. Similar with the data-fitted torque model, this
method can only be accurate on the test-bench and its performance will gradually
degrade during long-time running. Another method is to corporate with a poly-
nomial-fitted map that projects CAS50 using ignition timing and combustion
duration [8]. Figure 1 summarizes the performance of polynomial-fitted method
through a plot of the IGA shift with respect to CASO0 shift. It illustrates a fact that
there exists more than 20 % fitting error in large ignition retard region. Such
amount of error jeopardizes an optimization scheme using CA50 values.

This paper will propose a new method to improve the accuracy of CAS0 pre-
diction in large retard region which can be implemented in real-time operation. The
new method employs a normalized IMEPH-CAS50 characteristic curve to modulate
the raw predictions of the combustion model. The engine IMEPH-CAS50 charac-
teristic curve has been found through experimental measurements on the test-bench
and proven to be representative for wide engine selections and conditions [10]. In
Sect. 2.2, experiments will show that the predicted IMEPH-CASO0 results, which are
calculated by the combustion model, also converge towards the characteristic curve
with slightly larger excursion than the measured data do. Section 2.3 will reveal the
analytical principle of the IMEPH-CASO0 characteristic curve by investigating into
the physics of a combustion cycle. Then this knowledge is used to formulate a
“validity region” of IMEPH-CASO0 prediction. Section 2.4 will integrate all model
segments and propose a method to use the “validity region” as a criterion to
distinguish and modulate the raw predictions. Section 3 will show the approach of
the validation and the actual performance of our overall method.
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Fig. 2 The nomarlized IMEPH with respect to the ignition retarded from MBT showing the
performance of the data-fitted torque model for a six different engines; b 2.0I engine of different
engine speeds (RPM) and manifold-air-pressure (MAP) loads in (bar), with parabolic curve found
by data-fitting technique

2 The Online Torque and Combustion Model
2.1 The Data-Fitted Torque Model: The Conventional Way

In the case of ignition retard from MBT timing, conventional ECUs of a light duty

vehicle estimate gasoline engine torque, or IMEPH , using a MBT value and a
scale function, as shown below in Eq. (1).

IMEPH = IMEPHy5r(my;r, N)h(A0) (1)

where IMEPH g7 is the nominal MBT torque value which is almost proportional
to the inducted air mass m,;, and engine speed N - h(A0), which is a scalar between
0 and 1, is the normalized torque loss due to ignition timing retarded from MBT, or
Af. A small amount of experiments have discovered that #(A#) is quite monotonic
with little dependency on other engine variables [11]. ECU makers concluded such
property and formulated a 1-D map between A6 and h. Then the tabulated map is
used in either torque estimation, or air mass calculation from a torque request.
When applying this method to engine fleets, engineers employ slight calibration on
h values. The performance of such practice is investigated in Fig. 2a. Although the
data-fitted curve, which represents 4, can cover the majority of data points, it still
cannot explain wild data excursion (more than 18 % fitting error) in large IGA
retard region. Figure 2b shows a single-engine data series for 2.0l engine and
reveals that data series are isolated for different engine speeds and loads. The 18 %
fitting error challenges the presumption that 4 is univariate. It urges a replacement
of a new torque model which can bring more accuracy in large ignition retard
region.
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2.2 The Combustion Model: Predicting Engine Torque
From Combustion

In additional to the low accuracy, there is another motivation to replace the data-
fitted torque model: the current model is ignorant of detail combustion dynamics
and thus vulnerable during aging. This phenomenon actually exemplifies a
dilemma in engine modeling: the more a model relies on calibration (or the less on
physical modeling), the less robustness it has when engine states change. One end
of the dilemma is a full-calibration model, as illustrated by the data-fitted model in
Eq. (1). The other end of the dilemma is exemplified by a multidimensional
computational fluid dynamics (CFD) model which reproduces fluid molecular
motions and pressure thermodynamics completely [12]. The CFD model calculates
IMEPH via definition Eq. (2) using the predicted in-cylinder pressure P. The CFD
model, which is physics-based and therefore employs almost no calibration, turns
out to be more robust in life-time torque prediction. However, it is computational
expensive and obviously infeasible online.

2)

To introduce more physical content in a torque model while still balancing its
efficiency, the authors have proposed an online mean-value thermodynamic
combustion model [5, 6]. The online combustion model takes in the measurement
of cycle initial states and uses a mean-value thermodynamic equation to predict the
spatially-averaged fluid states thereafter. On the platform that supports the data-
fitted model, the new model only requires a few more slow sensors and thus has
remarkable cost-effectiveness on light-duty vehicles. The following equation
describes the governing thermodynamics of this method.

mec,dT (k) + P(k)dV (k) = dQq(k) — dQemi(P(k)) — dQu(T(k), P(k))  (3)

Equation (3) follows the first law of thermodynamics. It treats the chamber as a
variant control volume with chemical heat generation dQ,, mass exchange into the
crevice volume dQ.,;, and heat transfer to the ambient dQy,. The net heat gain by
the fluid then is calculated and interpreted in the form of fluid states change, as
shown by the left hand side of the equation. In order to calculate the fluid state
dynamics, all three terms on the right-hand side need to be modeled. Following the
fundamental works by previous researchers, all the energy gain and loss can be
calculated using equations in (4). All equations are modified versions of the ori-
ginal ones [9] with improvements in efficiency in large ignition retard region.

dQy (k) = nemyQruvdxp (k)
401 (T(k), P(K)) = (P (K))As () (T (k) = Toar) )
dchhl P(k) = ( )dmcr},l(P(k))
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Fig. 3 The strong convergence of the normalized IMEPH-CA50, which are predicted by the
online combustion model, towards the engine characteristic curve, found by polynomial-fitting,
for a different engine selections; b single engine plot for 2.0I engine legend in different
(RPM:MAP)

The chemical heat release dQ, is estimated as a “priori”. The dQ, is assumed to
be proportional to the mass fraction burned dx;, which is predicted from cycle
initial states before combustion takes place. The dQp, is estimated using an
enhanced form of the Woschni equation [13]. The dQ,,;; is calculated using the
mass change inside the crevice dm,,; and their associated enthalpy . Note that
two terms, dQp,; and dQ.;, in Eq. (4) are calculated using in-cylinder pressure
P and therefore they are “posteriori”. An algorithmic loop exists when solving
Egs. (3) and (4) because the in-cylinder pressure has to be calculated using the
knowledge of dQj, and dQ.,;. In order to solve the loop, a recursive method, as
shown in Eq. (5), is applied in implementation so that the calculation of Eq. (3) is
proceeded step by step. k is a step counter and the step length can be between
1 CAD and 0.1 CAD depending on user’s decision on resolution.

T(k+1) = T(k) + dT (k)

m.R, 5
P(k—l—l):% )

In this way, the entire trajectory of fluid states or P, from intake-valve-closed
(IVC) to exhaust-valve-open (EVO), can be calculated. Then IMEPH can be
calculated by its definition using Eq. (2). Compared with the data-fitted model, the
combustion model reproduces the torque generation process from a combustion
process. Figure 3a shows one of the benefit is that the IMEPH results by the
combustion model for different engine fleets converge unanimously to the IMEPH-
CAS50 characteristic curve (found by polynomial-fitting) if it is plotted against
CASO0 shift. Because of the fact that the engine IMEPH-CASO0 characteristic curve
can represent a data cluster that are actually measured [11], the convergence of the
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predicted results onto the curve implicates its high consistency with the real
measurements. This is another strong proof of model’s effectiveness.

In Fig. 3a, b, the illustrated IMPEH and CAS50 are all predicted results by the
combustion model. The CA50 is calculated by the definition x;(6caso) = 0.5,
where the mass fraction burned (MFB) profile x; is an intermediate result of the
combustion model. Its calculation follows a modified Weibe function [7], with an
additional feature of two stage transition, as shown in Eq. (6):

5(0) = (1= B () + fa(h)
_ N Meitl 6
5(00) =1 - exp l— (") ] —12 O

The variable f. is a transition factor that ranges from O to 1 and increases
linearly with crank angle. The coefficient a.; dictates the steepness of the “S”
shape of a MFB profile and is subject to change for combustion factors, such as
AFR, RGF and IGA. The variable Af; is the combustion duration for each stage
and is also a function of the combustion factors. Both a.; and A0; are found to
have highly generic tendency with respect to the combustion factors [5].

Despite of the strong consistency, Fig. 3a also shows that there are some result
series deviating from the convergence curve wildly. Figure 3b looks into the
specific engine type 2.0I with legends of engine speeds and loads. It clearly shows
that the data series for (1600:0.7) and (2400:0.54) speed-load combination have as
large as 12 % excursion from the characterisic curve. This amount of error is five
times larger than that of the measured IMEPH-CASO. It is determined that the
error of convergence in the predicted results is majorly caused by the error in
CASQ prediction. It has been discovered that the CAS0 prediction by the com-
bustion model has an averaged error of 22 % compared with the measured data
[5]. One error source is the stochastic nature of the highly volatile fluid motion in
combustion. The other source is the high sensitivity of CA50 on combustion states,
as illustrated by the steepness of MFB profile, which further increases the difficulty
in prediction. More than 20 % error defies the use of the combustion model in
advanced control. Corrections are surely needed to rectify the CAS0 prediction
towards the actual values.

2.3 The Instant Heat Release Model: The Physical Boundaries
of Engine Torque

The question remains how an ECU can know the validity of its prediction during
online operation. As mentioned in introduction, online measurements of in-cyl-
inder dynamics can be unacceptably expensive for light-duty vehicles. As a result,
a criterion of prediction validity is preferred if it can be calculated analytically
from the physics of combustion. Figure 3 implies a candidate criterion for CA50
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Fig. 4 a The schematics of the instant heat release process on the P-V diagram of two typical
combustions, one for a MBT ignition timing and the other for a retarded ignition; b the two
different choices of heat release moment determine the boundaries that enclose IMEPH-CAS50
result series, forming a validity region

prediction validity, i.e. the unanimous characteristic curve in the normalized
IMEPH-CAS5O0 plot. The scheme then is to use accurate IMEPH prediction to cross-
correct the CAS0 prediction so that the characteristic curve can be reproduced in
the prediction. While strict convergence onto the curve is over-demanding, the
authors decided to develop a relaxed version of criterion by computing the up-and-
down boundaries which enclose the characteristic curve, forming a “validity
region” for prediction. Although manual placement of the boundaries can be
performed given sufficient valid data, yet development of the boundary from the
combustion physics is preferred for two reasons. First, to understand the physical
mechanism behind such boundaries; second, to make sure the boundaries exclude
invalid data that are physically impossible. ECUs also want to know an analytic
solution of such boundaries in order to calculate them quickly online. To do so, the
authors first examine the PV-diagram of a combustion in the case of IGA retard, as
shown in Fig. 4a.

Figure 4a illustrates the P-V diagrams of two combustion cycles of different
ignition timing. The blue curve for IGA at -34 CA aTDC shows that the areas
“a-b-c-d” enclosed by the compression and expansion stroke traces are almost a
parallelogram. The IGA therefore maximizes the effective work area “a-b-c-d”
and thus maximizes the engine torque given a specific amount of fuel energy. By
definition this ignition timing is very close to the MBT timing. On the other hand,
the case of IGA at -5 CA aTDC illustrates the negative effect of ignition retard.
The retarded IGA ignites the mixture during expansion and raises the fluid pres-
sure in a much slower rate than that in the MBT case. It therefore truncates the
effective work area as shown by the enclosed area “a-b-d” in red.

The round curve blue “b-c” or red “b-d” is a thermodynamic process governed
by the interaction between combustion heat release, fluid temperature gain and
work output to the piston head. The mean-value combustion model, shown
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previously in Egs. (3—6), describes the spatially-averaged fluid behaviour during
this period in an efficient way. In order to provide fast estimation of boundaries,
further simplifications on the model and the computations are required. One good
approximation is to assume that instantaneous heat release (or equivalently, the in-
cylinder pressure rise) occurs sharply at the CA of 0, [8, 10]. Additionally, a
polytropic compression and expansion process is assumed because of the high
linearity of the log P-V curve in this period. With these two assumptions, the
effective work area is then approximated as a parallelogram area “a-b-c-d” in
MBT ignition case. By definition shown in Eq. (2), the estimated IMEPH* can be
computed using Eq. (7).

P,V _, ,N, PVl . _
wap = (1220 (v - vi) = (12 (v - vir) @)

Polytropic coefficient of expansion and compression are found to be close
within an error of 0.01. Thus they are treated as identical, i.e., y° = y° = 7. Since
instantaneous heat release is assumed, the cylinder volume before and after heat
release is equal at the crank angle 0., i.e., V), = V. £ Vet £ V(0,r). And using
the equivalent polytropic conversion PV’ = TV’~!, Eq. (7) is reformed as a
function of combustion heat release AT £ T, — T, and cylinder volume at the heat
release moment V., as shown in Eq. (8):

IMEPH* = (IAT ) (1 - (ﬁ)“) (8)

-y Vapc

In Eq. (8), IMEPH" reaches maximum as V., reaches its minimum at Vrpc. In
MBT case, Vs is close to Vrpc as shown by Fig. 4a and thus V,,; = Vypc is
assigned. In ignition retard case, 0,, will be relocated to 0, and the corresponding
approximated effective work area will be the parallelogram area enclosed by
“a-b*-c*-d”. If a specific amount of fuel is combusted and constant thermal
efficiency is assumed, the overall heat release amount AT is identical for both
ignition cases. Thus the IMEPH*, which is the IMEPH* normalized by IMEPH,,,,,;,
can be calculated using Eq. (9). Note V. is the cylinder volume at the moment
O, and as a result, IMEPH* is a function of 0, only.

TIEPH(0,7) = |1 = (2|1 = 72y o)

Vapc Vapc

The choice of 0, is at user’s discretion and is important. It solely determines
the how representative the performance boundary is. Geometrically, Fig. 4a shows
that at MBT ignition timing, the 0,. can be placed at 0 CAD approximately. For
the case of ignition retard, 0, can be placed at (CA50-CA50,,,) so that the
parallelogram area “a-b*-c*-d” can be approximately equal to the area enclosed
by the red curve “a-b-d”. Thus the authors choose 0,.,1 = CA50 — CA50,,,, and
plug into Eq. (9). Figure 4b shows that generally IMEPH*(0,.s,1) overestimates the
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torque-loss. The approximate IMEPH is quite accurate in small retard region and
yet loses its accuracy gradually as CA50 is further retarded. The reason lies on the
fact that in small retard region, the combustion duration is short and the instant-
heat-release assumption holds. In the large ignition retarded area, the combustion
duration, as exemplified by CA50 in Fig. 1, grows drastically and alters the overall
shape of “a-b-c-d”. In this case, the parallelogram area “a-b*-c*-d”, as deter-
mined by the assumption, will be larger than the actual area and the difference
keeps growing. Figure 4b shows IMEPH* (0, 1) sets the up-bound of IMEP-CA50
data series. While the placement of 0,.;,; = CA50 — CA50,,,, seems aggressive, a
more conservative choice is introduced: O, = 1.4(CA50 — CA50,,,) as illus-
trated in Fig. 4a. The model results with 0, generally under-estimate the torque
value as shown in Fig. 4b. It is hypothetical that no combustion has a smaller
effective work area than “a-b**-c**-d”. The two curves, 0.1 and 0,2, encloses
the characteristic curve and almost all predicted values of IMEPH-CAS50 with a
span range of 8 ~ 10 %.

2.4 “Trinitiy” Correction Module

The up-bound of the validity region is a value from the ideal combustion case
which is impossible to be surpassed. The low-bound is a performance calibre
which is not supposed to be breached for a good engine. The “envelope” then
becomes a physical principle of reciprocating machines. During online operation,
after the (CA50 — CA50,,,) is predicted by the online combustion model, the limit
of IMPEH will be calculated via Eq. (9). The validity of IMEPH-CASO0 prediction
can then be checked weather it is within the boundaries. If it is not, ECU will trust
IMEPH predictions over CAS50 predictions and use the former to cross-correct the
latter. The correction criterion is to follow a unanimous characteristic IMEP-CA50
curve. While true values of the characteristic curve is unknown online, the curve
can be surrogated by a polynomial curve that is fitted over cascaded raw predic-
tions during online operation, as demonstrated in Fig. 3b. The overall structure,
named as “TRINITY” module, is illustrated by a flowchart below in Fig. 5.

3 Experiment Validation

In order to validate our model and method, steady-state test runs on various engine
selections were conducted with our model running simultaneously with the mea-
surements. The engines used for these experiments are Geely’s SI VVT port-fuel-
injection engines with different compression ratios and different VVT configura-
tions. To further diverse the operation conditions, the engines were tested with
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Fig. 5 The “TRINITY” correction module to guarantee the accuracy of CAS50 and IMEPH
prediction

Table 1 The specifications of experiment engines

Engine number 1.5 N 1.51 1.81 2.01 2.0F 241
Cylinder number 4 4 4 4 4 4
Displacement (L) 1.5 1.5 1.8 2.0 2.0 2.4
Compression ratio 10.3 10.3 10.0 10.0 9.7 10.0
Bore dia. (mm) 77.8 77.8 79.0 85.0 85.0 88.7
Stroke (mm) 78.8 78.8 91.5 88.0 88.0 96.2
Connect rod (mm) 153.3 153.3 129.4 138.6 138.6 130.5
VVT type Dual® Int® Int Int Dual Int
IVO (CA bTDC) 5.0 5.0 16.0 20.5 20.5 9.8
IVC (CA aBDC) 65.0 65.0 70.5 74.5 74.5 74.2
EVO (CA bBDC) 57.0 57.0 55.5 53.0 53.0 57.8
EVC (CA aTDC) 5.0 5.0 17.0 325 30.0 10.2

% Dual independent VVT. ® Intake VVT only

different valve lift timings or durations. All engine’s specification are shown in
Table 1.

For each test run at an engine speed and load, we first located the MBT point by
sweeping the ignition timing. Then we shifted ignition timing from MBT at the step
of 2 CAD and conducted steady-state measurements and model calculation for each
step. The typical speed selections were 1200, 2000, 2800, 3600, 4000, 4800 and
5200 RPM. The typical load selections were 0.5, 0.6 and 0.7 bar of MAP for each
engine speed. All tests were performed with AFR at stoichiometry. All the sensors
locations, resolutions, measurements were following the previous experiment setup
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Fig. 6 The “TRINITY” module improved CA50 prediction from 16.1 to 8.9 % when ignition is
retarded from MBT timing: a and ¢ the module first identifies the invalid CAS0 prediction on the
original prediction; b and d the invalid IMEPH-CAS5O0 results have been corrected and converged
towards the engine characteristic curve and the predicted CAS50 has converged towards the actual
values

described in [5]. For reference, the test bench measured in-cylinder pressure using a
piezoelectric transducer and convert to CA50 and IMEPH readings. To validate our
model results, we coded our model in dSPACE rapid hardware prototype and ran
the algorithm in real-time. Three torque models were computed parallel and their
results are captured and coordinated by the TRINITY module. To compare with the
time-averaged measurements, all predictions were averaged using a time frame of
15.6 ms.

First we plotted the normalized IMEPH-IGA data on a single graph for all
engines, as shown in Fig. 2a. We then parabola-fitted all data points and reveals
0.01462 RMSE of the data-fitting. We also retrieved the results predicted by the
online combustion model and plotted them on a normalized IMEPH-CAS5O figure,
as shown in Fig. 3a. Compared with Figs. 2a, 3a shows more convergence of data
points with 0.0118 RMSE, 20 % less than that of Fig. 2a. Noted in IMEPH-CAS50
plot, the CA50 is predicted by our online combustion model and is error-prone.
The “TRINITY” correction module is applied on all engines in real time. Figure 6
below show the mechanism of the correction on CA50 predictions as exemplified
on 1.5 N engine.
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Figure 6a shows that the original IMEPH-CAS0 prediction curve has excur-
sions from validity region and they are successfully recognized as “invalid”.
Figure 6b shows that after being corrected by “TRINITY” module, the invalid
IMEPH-CAS5O0 result points have been shifted inside of the validity region. Cor-
respondently, the corrected CAS50 prediction are much more consistent with the
actually measured values and the prediction error drops from 16.1 to 8.9 %, as
shown by Fig. 6c, d. The benefit of accuracy improvement mainly comes from the
convergence of the wide excursions in large ignition retard region. These excur-
sions are the data points with large cycle-to-cycle variation and were previously
difficult to predict using the online combustion model.

4 Conclusions

This paper has shown that with the fusion of three torque models, a “hybrid”
method to promote the accuracy of IMEPH and CAS0 prediction can be devel-
oped. The current data-fitted torque model has the simplest IMEPH prediction
procedure and therefore suffers accuracy loss in large ignition retard region. The
online combustion model renovates the accuracy in that particular region despite
of the excursions from the engine characteristic IMEPH-CAS0 curve. The
inconsistency between the predicted results and the characteristic curve is attrib-
uted to error-prone CASQ prediction. In this paper, the authors successfully rec-
oncile the inconsistency by modulating the invalid CA50 predictions according to
a surrogate of the characteristic curve. The online identification of the invalid
prediction has been proven effective if using a criterion developed based on an
ideal-heat-release model. The criterion sets up-and-down torque boundaries of a
combustion process and therefore reveals the physical principle of the character-
istic curve. Large-scale experiments have validated the effect of our method in
CAS0 prediction improvement. Further research should employ delicate cycle-to-
cycle analysis and reveal the statistical performance of the proposed method.
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