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Abstract

Production scheduling faces three challenges, which are inconsistent key performance indicators (KPIs), processing time uncertainties, and
production schemes. Applying modern portfolio theory (MPT), Li et al. (2021) proposed a ToB(a) heuristic to balance trade-offs in one-stage
production. However, production schemes for optimizing average performance of individual KPIs, trade-off values, or worst-case scenarios
affect the stability of a process differently, especially with processing time uncertainties. We propose an innovative approach using transfer
functions for stability (TF4S) in balancing trade-offs in production scheduling. Our TF4S approach provides a systematic way to analyze the

stability of one-stage production and can be extended to production scheduling for classic m-machine flow lines.

© 2022 Society of Manufacturing Engineers (SME). Published by Elsevier Ltd. All rights reserved.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
Peer-review under responsibility of the Scientific Committee of the NAMRI/SME.

Keywords: Production scheduling; Stability; Trade-off balancing; Transfer function;

1. Introduction

Production scheduling involves the allocation of competing
tasks to scarce resources over time in achieving some objectives
[1]. Given limited resources, it is difficult to achieve the
optimum across each of individual objectives, especially when
objectives are inconsistent with each other. Inconsistent key
performance indicators (KPIs) exist in both N-job one-stage
production and classical N-job m-machine flowshop
production. Consequently, multi-objective optimization is a
challenge for production scheduling.

Stochastic processing times are ubiquitous in many
processes for different systems, such as in production lines for
manufacturing, in perioperative processes for operating room
scheduling, and in supply chains. Given diversified system
settings, it is impossible at current time t to know the exact
value of a stochastic processing time for time t+1 [2]. Although
we can describe stochastic processing times by different
distributions, outliers always exist. In addition, measurement
errors may fail our prediction. Therefore, processing time
uncertainty is another challenge for production scheduling.

Many optimization problems in production scheduling are
NP-complete or NP-hard in strong sense, such as minimizing
maximum completion time or makespan for a classic flow line
with more than 2 machines [3], minimizing total completion
time for two-stage processes [4], and minimizing variance in
processing times in one-stage production [5]. For NP problems,
it is difficult to balance trade-offs between two inconsistent
KPIs. For example, in operating room (OR) scheduling,
speeding up the patient flow (or reducing patient flow time)
going through ORs might cause idle time in ORs and reduce
OR utilization. Consequently, maximizing OR utilization and
minimizing patient flow time are inconsistent with each other.
Moreover, maximizing OR utilization and minimizing patient
flow time are NP-complete problems, without polynomials for
optimization. Consequently, it is difficult to quantify how
much patient flow time we should sacrifice to improve OR
utilization, and vice versa. Similarly, in manufacturing,
reducing work-in-process (WIP) inventory is inconsistent with
maximizing utilization of production lines, each of which is
also an NP problem.  Given such properties of NP-
completeness or NP-hardness for some KPIs, optimizing the
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worst-case scenario is a common scheme in production
scheduling to hedge against processing time uncertainties.
However, Li et al. empirically showed that optimizing the
worst-case scenarios does not necessarily optimize the expected
value of KPIs [6]. What scheduling scheme should be adopted
for production is the third challenge for production scheduling.

Given the above three challenges to production scheduling,
which are inconsistent KPIs, processing time uncertainties, and
production schemes, we propose an approach of transfer
functions for stability (TF4S) in balancing trade-offs for one-
stage production. Our TF4S provides a systematic way to
analyze one-stage production performance, and it can be
extended to production scheduling for classic flow lines.

The rest of this paper is organized as follows. A brief
literature review is provided in Section 2, the programming
logic of our TF4S approach is illustrated in Section 3, results of
empirical case studies are analyzed in Section 4, and conclusion
and future work are detailed in Section 5.

2. Literature review

Inconsistent KPIs in production are provided in subsection
2.1, especially for one-stage production, common scheduling
schemes are summarized in subsection 2.2, a few existing
scheduling methods for production with stochastic processing
times are discussed in subsection 2.3 especially for trade-off
balancing, and the concepts of transfer function and process
stability are summarized in subsection 2.4.

2.1. Inconsistent KPIs in production

Given N jobs for one-stage production, we denote p; for
processing times of job j=1,...,N. Total completion time (TCT)
is a fundamental KPI in production scheduling. For instances
with deterministic processing times,

TCT =X, (N —j+ 1) pj, (€
is a weighted sum of processing times, and weights (N —j + 1)
are not dependent on processing times, but on the order of jobs
in a sequence. Consequently, if we use the shortest processing
time (SPT) rule to sort processing times into a non-decreasing
order, then we have an optimal solution to min(TCT) for
deterministic instances. As mean flow time equal to TCT/N is
the average completion time, min(TCT) drives other KPlIs, such
as the average of WIP inventories in production and the mean
waiting time in perioperative processes.

Although minimizing TCT can be modelled as a polynomial
of Eq. (1) for deterministic instances, minimizing the variance
in completion times (VCT) is NP-hard in general [5]. To
min(VCT), Schrage (1975) found that the job with the longest
processing time (LPT) should be sequenced first [7]. The SPT
and LPT rules sequence processing times into different shapes,
which shows the inconsistency between min(TCT) and
min(VCT) empirically. Moreover, Eilon and Chowdhury (1977)
found that the optimal sequence to min(VCT) must be V-shaped
[5], i.e., the jobs must be arranged in a descending order of
processing times if they are scheduled before the job with the
shortest processing time, but in an ascending order of
processing times if scheduled after it, which is the combination
of LPT and SPT rules. Kanet (1981) found an alternative way

to min(VCT), which is equivalent to measuring the total
absolute differences in completion times (TADC) [8],

TADC =3)_,( — DN —j + 1) - pj. )
Equations (2,3) illustrate the trade-offs between minimizations
of TCT and VCT, where (N —j + 1) is a linear function of j, but
(j—1)(N —j + 1) is a quadratic function.

For N-job M-machine flowshop production, we denote pj,i
for processing time of job j on machinei=1,...,M. Minimizing
maximum completion time (MCT), Cnax = Cn,m Or makespan,
isacommon KPI in production scheduling, driving many other
performance measures, such as machine utilization, production
cost, etc. Li et al. (2014) proved the inconsistency between
min(MCT) and min(TCT) [9]. Using a 2-machine flow line, Li
et al. showed that one condition of pj> — pj+1,2 < 0 is good for
min(TCT), but another condition of pj+1,2 — pj2 < 0 is good for
min(MCT).

Current research on flow shop scheduling (2005-present)
has extended to sustainability in terms of energy-efficiency,
water usage, CO, emission [10][11][12][13], which intensifies
the need for balancing trade-offs among inconsistent KPIs.

2.2. Common scheduling schemes against uncertainties

One of the difficulties in handling stochastic processing
times is that the actual value of a processing time is not
available in advance, but known only after the operation is
finished [2]. Consequently, simulation is the general offline
approach to investigate stochastic problems. The coefficient of
variation, CV = ¢ / {4, is commonly used to describe variation
levels in processing times, where ¢ is the standard deviation of
a random variable, and p is the mean.

In general, as CV increases, the process performance for
production gets worse. Conway et al. (1988) investigated the
effect of WIP inventories in flowshop production [14].
Through simulation, they concluded that the larger the CV, the
lower the capacity of a production line, and WIP inventories
were important to recover the capacity.

Adaptive control is a dynamic approach for stochastic
problems, which means re-sequencing jobs online as soon as
actual processing times are available. However, because of
high demand on computation speed for online re-sequencing,
Lawrence and Sewell (1997) recommended simple priority
dispatching rules (PDRs) over sophisticated heuristics for
adaptive control with variation in processing times [15]. Cao,
Patterson, and Bai (2005) and Mahmoodi, Mosier, and Guerin
(1996) recommended the SPT rule to minimize the mean flow
time and WIP inventory levels for deterministic instances
[16][17]. Conway et al. (1967) recommended the shortest
expected processing time (SEPT) to min(TCT) for stochastic
instances [18].

Optimizing worst-case scenarios is a common scheme in
simulation for offline scheduling. Maximizing minimum
deviations from the upper bound of a KPI is the same as
minimizing maximum deviation from the lower bound.
Daniels and Kouvelis (1995) proposed the endpoint product
(EP) and endpoint sum (ES) heuristics to hedge against
processing time uncertainties in one-stage production [19].
These two heuristics are designed to maximize minimum
deviations from the upper bound of TCT, i.e., generating robust
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schedules for the worst-case scenarios accordingly. Similarly,
Rahmani and Heydari (2014) proposed a regret model to
optimize the worst-case scenarios of min(MCT) in M-machine
flowshop production [20].

2.3. Some scheduling methods for stochastic processing times

Modern portfolio theory (MPT) proposed by Markowitz
(1952) was originally used to balance trade-offs between the
expected returns and the risks involved in investment [21].
Applying the MPT model to production scheduling, Li et al.
(2021) linked a factor a with VCT, and proposed a trade-off
balancing heuristic, ToB(«), to balance trade-offs between
min(TCT) and min(VCT) in one-stage production [6]. Through
case studies with the CV changing from 0.0 to 0.5 for uniform
distributions, the ToB(«) heuristic outperformed the EP and ES
heuristics in terms of the expected values of TCT, and it
achieved smaller maximum deviations from the lower bound at
CV = 0.5, which means being more robust when processing
time uncertainty is high.

Li and Freiheit (2016) proposed a ‘state space-average
processing time’ (SS-APT) heuristic to min(MCT) for N-job M-
machine flow shop production with stochastic processing times
[2]. The SS-APT heuristic is used to re-sequence jobs online
for adaptive control. Through case studies, Li and Freiheit
concluded that their heuristic performed better than simple
PDRs on adaptive control, especially for WIP inventories.

2.4. Transfer function and stability

We have one concern about existing scheduling methods,
which is how they perform for stochastic processing times in
distributions other than wuniform or truncated normal
distributions, or for a real situation where processing time
uncertainty is higher than that in simulation.

A transfer function of a system or a process is a
mathematical function that theoretically models the output for
each possible input [22]. A transfer function can be expressed
either in the time domain or in the frequency domain. Define
the output Y as related to the input X by a transfer function H,
in terms of Y(s) = H(s) X(s), where s = jw is a variable in
frequency domain. H(s) = Y(s) / X(s) = N(s) / D(s) is the
transfer function, where N(s) is a polynomial for the numerator
and D(s) for the denominator. The solutions to the
characteristic function of D(s) = 0 are called the poles (1). If
the real parts of the poles are on the left half plane of the
complex plane, i.e., Re(1) <0, then the system is stable.

Bode plots are generally used to assess the stability of a
negative feedback loop, in which the gain margin (Gm) and
phase margin (Pm) are required to maintain stability under
variations caused by uncertainties or disturbances involved in
a process. Specifically, the gain margin is the change in open-
loop gain, expressed in decibels (dB), required at 180° of phase
shift to make the closed-loop system unstable, and the phase
margin is the change in open-loop phase shift required at unity
gain to make the closed-loop system unstable [22]. The gain
margin is found by using the phase plot to find the frequency,
wem, Where the phase angle is 180°. On the magnitude plot at
this frequency, the gain margin, Gm, is the gain required to

raise the magnitude curve to 0 dB. The phase margin is found
by using the magnitude curve to find the frequency, wpm, where
the gain is 0 dB. On the phase plot at this frequency, the phase
margin, Pm, is the difference between the phase value and
180°.

In general, the larger the gain and phase margins, the higher
is the stability of a process to hedge against external
disturbances or internal uncertainties.

3. Transfer function for stability in trade-off balancing

Given processing time uncertainties, in terms of different
distributions with different magnitudes and frequencies, a
transfer function is helpful for us to investigate the properties
of a process through scheduling. Currently, major literature on
production scheduling is either to seek near-optimal solutions
to NP problems by using heuristics, or to improve the
computation speed or reduce computational complexities of
sequencing methods by better searching the solution space. We
have not seen any publication that addresses the stability of
production using transfer functions, especially from the
perspective of control theory. In contrast, research on transfer
functions for stability in control theory is mainly based on
polynomial problems.

Assigning a factor of a to Eq. (2) as the preference on
min(VCT) and another factor of (1 — &) to Eq. (1) as the
preference on min(TCT), Li et al. (2021) used the following
equation to sequence jobs in the ToB(«) heuristic for trade-off
balancing in one-stage production [6]:

z=34l( - Da+ 1N —j+1)-p;. @)

As both TCT and VCT are driven by completion times, we
can regard a vector of N completion times as output Y from one-
stage production, which is related to weights W and processing
times P as input X associated with job j = 1,...,N. Defining
input as X = [P, W], we have the relationship of Y(j) = H()X(j).
To estimate transfer function H(j), we apply an autoregressive
and moving average, ARMA(a,b) model, in time series analysis
to estimate H(j). Specifically, an ARMA(a,b) process is defined
as follows [23]:

Vi=c+¢iVi+ ¢+ + @Yo+

Ej + 915j—1 + 9281'_2 + e+ gb“:j—b’ (4)
where c is a constant, e.g., average completion time, & can be
difference between X; and its mean, i.e., the error term, ¢s and
s are coefficients for output series Y and error series ¢, and a
and b are two integer constants for lags in Y and &, respectively.
Define a lag operator L such that LX; = Xj1 and L(LX;) = L?X; =
Xj—2. Using the lag operator, we can rearrange terms in Eq.(4)
and have

- ¢.L - ¢2L2 - d’aLa)Y}
=c+ (14 0,L + 60,17 + - + 6,L")¢;. (5)
Provided that the roots for 1 — ¢,z — ¢pz2 — -+ — Ppz% = 0

lie outside the unit circle, where z is a real number for the
polynomial of ¢ (z), we can divide both sides of Eq.(5) by
(1 — 1L — pyL2 — - — P, L*) and obtain Y; = u + H(L)gj,
where u = ¢/(1 — ¢y — P, — -+ — o), and
(146, L+6L2+--+6,LP)
H(L) = (11 L—ppL2 =g L2)’

(6)



4 Li, Nault, Mohsin and Huang / Manufacturing Letters 00 (2021) 000-000

Consequently, H(L) is in the form of a transfer function that
relates output (Y; — W) with input ¢, and stationarity of the
ARMA process depends entirely on the autoregressive
parameters (¢, ¢o...., ¢a), the same as the poles of H(s) for the
stability of a system.  Moreover, sequencing jobs for
production scheduling can be specifically based on the AR(a)
series for differences of output Y and on the MA(b) series for
differences of input X, which can be regarded as polynomials
describing the relationship between input and output.

Provided a transfer function H of a stage, it is flexible and
easy to link multiple stages in series to form a flow line, or to
add a feedback loop to a stage for adaptive control. For
example, linking two stages Hi and Hy in series, we can
describe the transfer function H of the two-stage flow line as
the product of two transfer functions, i.e., H = H1 H.. Adding
a unity negative feedback loop to H, the new transfer function
for the closed-loop stage is G =H/ (1 + H). Therefore, we are
able to provide a systematic approach to analyze the production
stability of a process by means of scheduling.

4, Case studies

To verify the stability of trade-off balancing in one-stage
production, we generate an N-job one-stage dataset as follows.
The number of jobs range from N = 500, 1000, 2000 with a
number of 50 instances for each. The total number of instances
is | = 150 = 3-50. The processing times for each instance
follows a uniform distribution between [1, 999]. The stochastic
processing times are randomly generated, using the processing
times of an instance as the expected values E(p) and following
a uniform distribution. Accordingly, an observation in a
sample is determined by p = E(p) +V3E(p)CV(2U — 1),
where U is a uniform random number from [0, 1]. In order to
ensure that processing times do not fall below zero when using
a uniform distribution, a condition of CV < 1/+/3 should be
maintained. The CV changes from 0.1 to 0.5 with increments
of 0.1 and S = 50 samples for each CV and for each instance.
The total number of samples is 37,500 = 150-5-50.

In total, 16 sequences are generated for each sample, with
11 by the ToB(«) heuristics each with different «, and 1 by each
of the EP, ES, SEPT, longest expected processing time (LEPT)
and first come first serve (FCFS) methods, respectively.
Among these 16 heuristics, our ToB, SEPT and LEPT
heuristics operate on expected processing times, the EP and ES
heuristics operate on lower and upper limits of processing
times, and the FCFS does not depend on processing times.

We present case study results for estimating a transfer
function in subsection 4.1, for the stabilities of open and closed
loops in subsection 4.2, for the gain and phase margins in
subsection 4.3, and for 5 CVs in subsection 4.4. In three
subsections of 4.1, 4.2, and 4.3, the results are across preference
factor ¢ =0.0, 0.1, 0.2,..., 1.0, and the results in subsection 4.4
are across CV=0.1,0.2,...,0.5.

4.1. Transfer function estimation
Given Eq. (3) for trade-off balancing, two factors affect the

change rate in trade-off values and that in completion times.
One factor is the sequence of processing times. Different

scheduling methods sort processing times into different
sequences of jobs, which affect the change rate in processing
times. The other factor is the preference « on one KPI, which
affects the change rate in weights. Given N jobs for one-stage
production, we have N data points for completion times,
weights as shown in Eq. (3), and processing times. We use
70% of our data points for estimating a transfer function (TF),
and the remaining 30% for validating the TF model. These data
points are based on nominal values of processing times for 150
instances, not based on those for 37,500 randomly generated
samples. The probabilities that a TF model fits the validation
data are reported in Table 1.

In Table 1, the preferences of « are listed in column 1,
categories of statistics for maximum, minimum and average are
listed in column 2 for each a, and the rest of the columns is for
the 16 heuristics. From Table 1, we can tell that maxima of
probabilities to fit the validation data are above 99% across all
11 preferences « and all 16 heuristics. Scheduling methods of
ToB(0.0), EP, ES, and SEPT are not sensitive to the changes of
preference a, as their averages of probabilities are above 99%.
However, the value of preference o affects minima of
probabilities differently with respect to heuristics. When a =
0.0, i.e., 100% preference on min(TCT), the LEPT’s minimum
of probability falls to 85.14 and that for FCFS is 93.80, because
the LEPT rule is not good to min(TCT) and the FCFS does not
control job sequencing. As a increases, i.e., more preference
on min(VCT), the minima of probabilities have a decreasing
trend in general.

In conclusion, it is feasible to estimate transfer functions for
a heuristic for trade-off balancing, although some methods are
sensitive to weights.

4.2. Stabilities of open and closed loops

To estimate the stability of an open loop, we calculate the
two poles of a transfer function, and the maxima of two poles
for 16 scheduling methods are reported in Table 2. From Table
2, we can tell that all poles are on the left half of the complex
plane. Therefore, the transfer function for the open loop of the
process is stable for all 150 instances.

We also check the stability of the transfer function with a
unity negative feedback loop. The number of stable instances
with a closed loop is reported in Table 3 across 150 instances,
11 preferences and 16 scheduling methods. From Table 3, we
can tell, as the preference a increases, the number of stable
instances increases in general, except for the LEPT rule, the
number of stable instances for which decreases. As a increases,
we prefer min(VCT) more than min(TCT). However, the
process of production scheduled by the LEPT rule is very
sensitive to the increase of such preferences.

In conclusion, we can achieve the stability of production
with an open or closed loop by using a transfer function.

4.3. Gain and phase margins of closed-loop transfer functions

Another measure to evaluate the stability of a process is by
gain and phase margins of a transfer function with either an
open or closed loop. As adaptive control is often based on a
closed loop, the gain and phase margins of a transfer function
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with a unity negative feedback loop are reported in Tables 4
and 5, respectively.

From Table 4 for gain margins, we can tell that all transfer
functions have some gain margins on average, although the
minima of gain margins are all 0 as o> 0.1, which explains why
the number of stable instances is less than 150 in Table 3.

From Table 5 for phase margins, we can tell all transfer
functions have some phase margins on average, although the
minima of phase margins are small across all preferences a.

Given that gain and phase margins are used to buffer the
magnitude and frequency of uncertainties or disturbances,
respectively, designing the gain of a controller in a closed loop
will change the gain and phase margins for adaptive control,
and scheduling affects the gain of a controller.

A Bode plot is provided in Fig. 1, which is one of 150
instances and based on the ToB(0.0) heuristic.

4.4, Stabilities across CVs

As different preferences o on KPIs affect the stability of a
process differently, shown in Tables 4 and 5, we select a = 0.5,
i.e., an even preference on KPIs, to examine how processing
time uncertainties affect the stability of a process. The average
gain and phase margins across 5 CV levels for all instances and
samples are provided in Tables 6 and 7, respectively.

From Table 6, we can tell that, with even preferences on
KPIs, the grand averages of gain margins across all 5 CV levels

are comparatively similar to the average gain margins in Table
4 for a = 0.5, although fluctuations occur for individual
scheduling methods in Table 6 across CV levels. The same
properties are observed for the grand averages of phase margins
in Table 7 compared to the average phase margins in Table 5.

For clarity, trend plots for gain and phase margins are
provided in Fig. 2 and Fig. 3 respectively, not based on all
methods, but on ToB(0.0, 0.5, 1.0), LEPT and FCFS.

These results support our use of transfer functions to
investigate the stability of a process with high processing time
uncertainties.

5. Conclusion and future work

Balancing trade-offs in production scheduling faces three
challenges, which are inconsistent KPIs, processing time
uncertainties, and production schemes. To answer these three
challenges, we propose an innovative TF4S approach, to
investigate the stability of a process by using transfer functions.
Based on good scheduling results generated from the ToB(«)
heuristics, our TF4S approach is consistent in balancing trade-
off in one-stage production and in maintaining stability across
5 CV levels of processing time uncertainties.

Adaptive sequencing is the next step of our research, i.e.,
dynamically schedule jobs as actual processing times unfold in
real time.

Table 1. Probabilities to fit validation data across preferences o for 16 scheduling methods.

" ToB(a) EP ES SEPT LEPT FCFS
00 01 02 03 04 05 06 07 08 09 10
Max | 99.97 99.96 99.06 99.95 9905 99.95 9905 99.95 99.05 99.95 99.04 | 99.97 9997 99.97 99.89 99.67
00 | Min | 9827 9878 9865 9860 9854 9851 9851 9851 9851 9851 09845 | 9827 9827 9827 8514 93.80
Avg | 99.86 99.31 9925 9923 9922 9920 9920 99.20 99.20 99.20 99.19 | 99.86 99.86 99.86 99.13 98.62
Max | 99.09 99.61 9948 9944 9930 99.34 9934 99.34 9934 99.34 993l | 99.99 9999 9999 99.86 99.63
01 | Min | 9640 6132 60.78 6076 60.69 60.65 60.65 60.65 60.65 60.65 60.59 | 96.40 96.40 9640 68.90 73.86
Avg | 99.84 8600 82.86 8218 8159 80.98 8098 80.98 80.98 80.98 80.10 | 99.84 99.84 99.84 92.02 97.67
Max | 99.99 9925 9912 9884 9840 97.82 97.82 97.82 97.82 97.82 9433 | 99.99 9999 99.99 9970 99.44
02 | Min | 9898 068 270 276 284 055 055 055 055 055 150 | 98.98 98.98 9898 7859 68.35
Avg | 99.88 6460 6832 6740 6671 6620 6620 6620 6620 6620 67.71 | 99.88 99.88 99.88 91.10 97.55
Max | 99.99 9943 9637 97.80 9536 80.84 89.84 80.84 89.84 80.84 9060 | 99.99 9999 99.99 99.44 99.39
03 | Min | 99.28 1070 2024 34.86 440 1426 1426 1426 1426 1426 444 | 9928 9928 9928 64.32 90.02
Avg | 99.87 7260 7324 7313 7206 7134 7134 7134 7134 7134 7112 | 99.87 99.87 99.87 8852 97.66
Max | 99.99 98.77 9026 89.34 9060 90.34 9034 90.34 90.34 90.34 90.09 | 99.99 99.99 99.99 9934 99.27
04 | Min | 99.46 145 138 109 472 017 017 017 017 017 027 | 99.46 99.46 99.46 28.62 9052
Avg | 99.87 7414 7187 7274 7377 7402 7402 7402 7402 7402 7127 | 99.87 99.87 99.87 82.66 97.75
Max | 99.09 9929 9920 9880 9852 9860 9860 9860 9860 9860 99.13 | 99.99 99.99 9999 9973 99.22
05 | Min | 9884 001 100 002 005 172 172 172 172 172 278 | 9884 9884 9884 5346 9277
Avg | 99.82 5679 6229 6523 6581 7111 7111 7111 7111 7111 72.68 | 99.82 99.82 99.82 84.38 97.66
Max | 99.09 9948 99.00 9893 99.37 9954 9954 0054 9954 9954 9822 | 99.99 9999 9999 9969 99.07
06 | Min | 9882 395 149 139 096 023 023 023 023 023 038 | 9882 9882 9882 2485 90.30
Avg | 99.80 5415 5327 5369 5757 56.37 5637 56.37 5637 56.37 56.77 | 99.80 99.80 99.80 8177 97.38
Max | 99.09 99.63 9872 99.66 99.96 99.85 99.85 99.85 99.85 99.85 99.85 | 99.99 9999 99.99 9968 99.00
07 | Min | 9835 021 124 206 215 137 137 137 137 137 077 | 9835 9835 09835 50.73 84.09
Avg | 99.79 5217 47.75 47.98 4949 5207 5207 5207 5207 5207 5245 | 9979 99.79 9979 92.62 96.84
Max | 99.09 90.56 99.86 99.85 99.86 99.91 9991 99.91 9991 99.91 99.05 | 99.99 9999 99.99 9972 99.18
08 | Min | 9760 230 088 048 009 054 054 054 054 054 054 | 97.60 97.60 097.60 7654 89.63
Avg | 9979 4499 4955 4881 5004 5301 5301 5301 5301 5301 5212 | 9979 9979 9979 9518 97.01
Max | 99.09 8220 99.05 99.94 99.04 99.94 99.04 99.94 99.04 99.94 99.05 | 99.99 9999 9999 9971  99.20
09 | Min | 9714 291 165 045 027 018 018 018 018 018 004 | 97.14 97.14 97.14 7032 87.29
Avg | 99.80 4184 4852 4840 4834 49.97 4997 49.97 4997 49.97 5005 | 99.80 99.80 99.80 95.03 97.29
Max | 99.09 9249 9972 99.79 9978 99.34 9934 99.34 9934 99.34 9919 | 99.99 99.99 99.99 9971 99.22
10 | Min | 8951 199 021 091 065 035 035 035 035 035 017 | 8951 8951 8951 7131 9461
Avg | 99.63 3573 4295 4332 4470 4505 4505 4505 4505 4505 44.94 | 99.63 99.63 99.63 93.99 97.60
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Table 2. Maxima of two poles of a transfer function with an open loop for 16 scheduling methods.

ToB(a)

a EP ES SEPT LEPT FCFS
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
00 | -4E-8 -1E-3 -5E-4 -4E-4 -2E-4 -2E-4 -2E-4 -2E-4 -2E-4 -2E-4 -7E-5 | -4E-8 -4E-8 -4E-8 -2E-8 -3E-6
01 | -1E-8 -2E-6 -2E-6 -3E-6 -4E-6 -4E-6 -4E-6 -4E-6 -4E-6 -4E-6 -4E-6 | -1E-8 -1E-8 -1E-8 -8E-6 -1E-5
02 | -5e-7 -1E-6 -5E-6 -4E-6 -1E-6 -1E-6 -l1E-6 -1E-6 -1E-6 -1E-6 -1E-6 | -5E-7 -5E-7 -5E-7 -3E-5 -8E-7
03 | -2E-5 -7E-6 -6E-6 -6E-6 -6E-6 -6E-6 -6E-6 -6E-6 -6E-6 -6E-6 -6E-6 | -2E-5 -2E-5 -2E-5 -4E-5 -TE-8
04 | -3E6 -1E-5 -3E6 -3E6 -3E6 -3E6 -3E6 -3E6 -3E-6 -3E6 -3E-6 | -3E-6 -3E-6 -3E-6 -2E-4 -7E-6
05 | -1e-6 -8E-6 -1E-5 -3E-6 -2E-8 -4E-6 -4E-6 -4E-6 -4E-6 -4E-6 -1E-6 | -1E-6 -1E-6 -1E-6 -1E-8 -5E-6
06 | -5e-7 -1E-5 -4E-6 -1E-5 -1E-5 -2E-5 -2E-5 -2E-5 -2E-5 -2E-5 -2E-5 | -5E-7 -BE-7 -5E-7 -2E-7 -1E-5
07 | -8e-7 -2e-5 -6E-7 -1E-5 -2E-5 -1E-5 -1E-5 -1E-5 -1E-5 -1E-5 -1E-6 | -8E-7 -8E-7 -8E-7 -1E-8 -1E-5
08 | -9e-7 -2E-5 -2E-5 -2E-5 -2E-5 -3E6 -3E6 -3E6 -3E-6 -3E-6 -2E-5 | -9E-7 -9E-7 -9E-7 -5E-9 -6E-6
09 | -4E6 -3E-5 -2E-5 -2E-5 -2E-5 -2E5 -2E-5 -2E5 -2E5 -2E-5 -2E-5 | -4E-6 -4E-6 -4E-6 -6E-5 -3E-6
10 | -1e-7 -3E-5 -2E-5 -2E-5 -2E-5 -2E-5 -2E-5 -2E-5 -2E-5 -2E-5 -2E-5 | -1E-7 -1E-7 -1E-7 -3E-8 -1E-6
Table 3. The number of stable instances with a closed loop for 16 scheduling methods.
) ToB(a) EP ES SEPT LEPT FCFS
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0 116 0 0 0 0 0 0 0 0 0 0 116 116 116 51 42
0.1 140 54 41 40 40 40 40 40 40 40 35 140 140 140 23 125
0.2 138 50 32 31 27 29 29 29 29 29 20 138 138 138 66 123
0.3 136 51 29 23 20 15 15 15 15 15 20 136 136 136 53 112
0.4 140 88 84 86 77 70 70 70 70 70 68 140 140 140 34 118
05 136 108 105 103 100 106 106 106 106 106 103 136 136 136 16 131
0.6 138 97 104 104 101 100 100 100 100 100 95 138 138 138 20 137
0.7 143 105 97 99 99 98 98 98 98 98 101 143 143 143 13 138
0.8 143 109 106 106 105 105 105 105 105 105 103 143 143 143 7 142
0.9 144 111 104 105 104 101 101 101 101 101 103 144 144 144 7 138
1.0 144 121 107 105 103 101 101 101 101 101 103 144 144 144 6 141
Table 4. Gain margins of closed-loop transfer functions for 16 scheduling methods.
" ToB(a) EP ES SEPT LEPT FCFS
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
Max | 096 034 034 034 034 034 034 034 034 034 034 | 096 0.96 0.96 0.87 0.89
00 | Min | 000 002 002 001 001 001 001 001 001 001 000 | 0.00 0.00 0.00 0.00  0.00
Avg 0.17 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.17 0.17 0.17 0.17 0.36
Max | 990 030 031 031 032 030 030 030 030 030 029 | 990 9.90 9.90 0.71 1.00
01 | Min | 000 000 000 000 000 000 000 000 000 000 0.00 | 0.00 0.00 0.00 0.00  0.00
Avg | 018 006 005 005 005 004 004 004 004 004 003 | 018 0.18 0.18 0.12 0.09
Max | 039 099 098 100 099 098 098 098 098 098 100 | 0.39 0.39 0.39 0.29 0.83
02 | Min | 000 000 000 000 000 000 000 000 000 000 0.00 | 0.00 0.00 0.00 0.00  0.00
Avg 0.02 0.28 0.19 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.02 0.02 0.02 0.11 0.15
Max | 6720 099 100 088 100 089 089 089 089 089 088 | 6720 6720 6720 074 0.97
03 | Min | 000 000 000 000 000 000 000 000 000 000 0.00 | 0.00 0.00 0.00 0.00  0.00
Avg | 103 028 024 024 024 023 023 023 023 023 024 | 1.03 1.03 1.03 010 024
Max | 2512 1.00 097 096 095 09 096 096 096 096 097 | 2512 2512 2512 0.73 0.97
04 | Min | 000 000 000 000 000 000 000 000 000 000 000 | 0.00 0.00 0.00 0.00  0.00
Avg | 033 034 034 033 032 031 031 031 031 031 032 033 0.33 0.33 010 025
Max | 3709 093 100 099 097 093 093 093 093 093 096 | 37.09 37.09 37.09 098 0.99
05 | Min | 000 000 000 000 000 000 000 000 000 000 0.00 | 0.00 0.00 0.00 0.00  0.00
Avg | 065 034 035 035 035 037 037 037 037 037 037 | 065 0.65 0.65 0.13 0.24
Max | 3248 098 091 097 097 100 100 100 1.00 100 098 | 3248 3248 3248 0.81 1850
06 | Min | 000 000 000 000 000 000 000 000 000 000 0.00 | 0.00 0.00 0.00 0.00  0.00
Avg | 057 029 030 032 032 034 034 034 034 034 034 | 057 0.57 0.57 0.19 0.36
Max | 4505 097 099 099 100 099 099 099 099 099 098 | 4505 4505 4505 094 20.74
0.7 | Min | 000 000 000 000 000 000 000 000 000 000 000 | 0.00 0.00 0.00 0.00  0.00
Avg | 041 028 029 029 030 030 030 030 030 030 031 | 041 041 041 0.22 0.38
Max | 043 099 099 099 099 099 099 099 099 099 100 | 043 043 0.43 0.75 0.77
08 | Min | 000 000 000 000 000 000 000 000 000 000 0.00 | 0.00 0.00 0.00 0.00  0.00
Avg 0.02 0.28 0.27 0.26 0.27 0.26 0.26 0.26 0.26 0.26 0.28 0.02 0.02 0.02 0.25 0.18
Max | 820 099 098 100 097 095 095 095 095 095 099 | 820 8.20 8.20 0.85  62.47
0.9 | Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00
Avg | 008 031 026 026 026 026 026 026 026 026 026 | 0.08 0.08 0.08 0.27 0.70
Max | 97.92 0.98 0.99 1.00 1.00 0.97 0.97 0.97 0.97 0.97 095 | 9792 9792 9792 0.77 0.87
10 | Min | 000 000 000 000 000 000 000 000 000 000 000 | 0.00 0.00 0.00 0.00  0.00
Avg 2.35 0.30 0.28 0.27 0.27 0.28 0.28 0.28 0.28 0.28 0.30 2.35 2.35 2.35 0.31 0.16




Li, Nault, Mohsin and Huang / Manufacturing Letters 00 (2021) 000-000 7
Table 5. Phase margins of closed-loop transfer functions for 16 scheduling methods.
" ToB(a) EP ES SEPT LEPT FCFS
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Max | 96.75 98.95 9944 99.35 99.29 9955 99,55 9955 99,55 9955 9955 | 96.75 96.75 96.75 95.10 98.59
0.0 | Min | 457 1021 1523 1327 1760 15.04 1504 1504 15.04 15.04 1043 | 457 4.57 4.57 3.36 0.11
Avg | 7345 4760 4755 4785 4835 48.07 48.07 48.07 48.07 48.07 4849 | 7345 7345 7345 76.88 32.79
Max | 98.79 76,79 75.19 7469 73.99 7202 7202 7202 7202 7202 7319 | 9879 9879 9879 9126 97.34
0.1 Min | 10.57 0.04 0.76 0.05 0.29 0.89 0.89 0.89 0.89 0.89 0.38 10.57 10.57 10.57 0.06 1.10
Avg | 8427 30.78 33.17 3305 3376 3356 3356 3356 3356 3356 33.15 | 84.27 8427 8427 28.64 47.85
Max | 99.73 97.13 96.32 96.84 97.06 96.97 96.97 96.97 96.97 96.97 96.99 | 99.73 99.73 99.73 8174 98.93
0.2 Min | 14.82 0.31 2.02 0.77 0.45 0.21 0.21 0.21 0.21 0.21 0.07 1482 14.82 14.82 041 0.20
Avg | 8220 4349 4496 4469 4524 4466 4466 4466 4466 4466 4428 | 8220 8220 8220 30.85 54.40
Max | 97.82 98.17 9467 94.67 9463 9458 9458 9458 9458 9458 9453 | 97.82 97.82 97.82 97.10 98.53
03 | Min | 1124 021 056 107 036 040 040 040 040 040 019 | 1124 1124 1124 017 1.77
Avg | 7777 5258 51.90 5313 50.06 49.80 49.80 49.80 49.80 49.80 5039 | 77.77 77.77 7777 3893 57.17
Max | 98.76 99.45 93.61 93.68 98.26 98.47 9847 98.47 9847 9847 99.82 | 98.76 98.76 98.76 88.41 96.75
04 Min 8.74 6.40 1.05 0.08 0.80 1.44 1.44 1.44 1.44 1.44 1.88 8.74 8.74 8.74 0.32 3.98
Avg | 7991 5894 50,53 5258 53.92 5508 5508 55.08 5508 5508 5504 | 79.91 79.91 79.91 5245 64.02
Max | 98.26 99.13 9943 9824 9729 9539 9539 9539 9539 9539 92.78 | 98.26 9826 98.26 99.63 99.38
05 | Min | 1612 134  0.04 1.92 1.47 099 099 099 099 099 094 | 1612 1612 1612 0.34 1.89
Avg | 8197 6296 60.83 60.62 6053 60.73 60.73 60.73 60.73 60.73 6096 | 81.97 81.97 8197 7230 6221
Max | 94.47 9231 9242 9205 9239 9220 9220 9220 9220 9220 98,50 | 94.47 94.47 9447 89.33 97.94
0.6 | Min | 23.83 290 6.64  3.17 6.98 850 850 850 850 850 830 | 2383 2383 2383 042 0.31
Avg | 8271 6762 6711 66.29 6582 65.02 6502 65.02 6502 6502 6514 | 8271 8271 8271 6778 64.31
Max | 93.26 98.00 94.72 96.68 97.62 97.17 97.17 97.17 97.17 97.17 92.09 | 93.26 9326 9326 89.26 99.34
0.7 | Min | 1162 11.29 9.27 8.46 1289 1439 1439 1439 1439 1439 1571 | 1162 1162 1162 3.38 452
Avg | 8137 7171 69.82 69.66 69.83 70.08 70.08 70.08 70.08 70.08 69.38 | 81.37 8137 8137 7174 68.44
Max | 92.75 91.65 96.63 91.83 91.85 9544 9544 9544 9544 9544 9870 | 92.75 9275 9275 88.48 98.03
0.8 | Min | 1590 2.37 1.33 1.88 1.59 216 216 216 216 2.16 116 | 1590 1590 15.90 38.98 2358
Avg | 80.69 7159 73.82 7293 7259 7295 7295 7295 7295 7295 7269 | 80.69 80.69 80.69 73.06 7293
Max | 91.87 91.46 95.84 9557 94.87 9494 94.94 9494 94.94 9494 9500 | 91.87 91.87 91.87 96.22 99.64
0.9 Min | 12.33 147 0.22 3.40 3.54 2.26 2.26 2.26 2.26 2.26 0.23 1233 1233 1233 47.04 1259
Avg | 80.34 69.72 7325 7386 73.49 7389 7389 73.89 7389 73.89 7447 | 80.34 80.34 80.34 7272 74.87
Max | 9427 9134 93.98 9547 9334 9360 93.60 9360 93.60 93.60 9458 | 94.27 9427 9427 9135 98.99
1.0 | Min | 2280 2.95 146 093 0.72 6.59  6.59 6.59 659 659 9.06 | 22.80 2280 2280 26.33 223
Avg | 80.24 7089 7157 7168 7232 7252 7252 7252 7252 7252 7252 | 80.24 80.24 80.24 69.65 75.67
Table 6. Average gain margins across 5 CV levels of processing time uncertainties with even preferences on KPIs for 16 scheduling methods.
cv ToB(#) EP ES SEPT LEPT FCFS
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.1 0.29 0.40 041 041 0.43 0.43 0.43 0.43 0.43 0.43 0.45 0.12 0.72 0.29 0.29 0.16
0.2 1.56 0.36 0.38 0.39 0.39 041 0.41 041 0.41 041 0.40 1.29 0.51 1.56 0.30 0.17
0.3 0.62 0.34 0.35 0.37 0.37 0.37 0.37 0.37 0.37 0.37 0.39 0.55 0.54 0.62 0.40 0.14
0.4 0.38 0.34 0.42 0.37 0.35 0.37 0.37 0.37 0.37 0.37 0.43 0.35 0.23 0.38 0.47 0.40
0.5 0.29 0.30 0.56 0.33 0.35 0.33 0.33 0.33 0.33 0.33 0.35 0.16 0.74 0.29 0.58 0.52
Avg 0.63 0.35 0.43 0.37 0.38 0.38 0.38 0.38 0.38 0.38 0.40 0.49 0.55 0.63 0.41 0.28
Table 7. Average phase margins across 5 CV levels of processing time uncertainties with even preferences on KPIs for 16 scheduling methods.
cv ToB(@) EP ES SEPT LEPT FCFS
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
01 | 87.28 5888 5446 5382 5372 5203 5203 52.03 52.03 52.03 53.05 | 87.20 8733 8728 6118 6754
02 | 8761 5889 5519 5495 5399 5329 5329 5329 5329 5329 5282 | 8833 87.81 87.61 56.80 67.91
03 | 87.19 6063 5857 56.62 58.09 5526 5526 5526 5526 55.26 57.29 | 87.72 86.17 87.19 53.83 69.90
04 | 8524 6397 6189 61.00 6146 60.38 60.38 60.38 60.38 60.38 60.79 | 86.17 86.45 85.24 46.21 72.46
05 | 86.38 6744 6453 6457 6259 6413 6413 6413 6413 6413 61.76 | 86.36 8539 86.38 39.23 7235
Avg | 86.74 6196 58.93 58.19 57.97 57.02 57.02 57.02 57.02 57.02 57.14 | 87.16 86.63 86.74 5145 70.03
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Fig 1. Gain and phase margins in a Bode plot. Fig. 2. Trend plot of gain margins across CVs. Fig. 3. Trend plot of phase margins across CVs.
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