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A B S T R A C T
Large-scale traffic simulation models are a crucial tool for simulating and evaluating different
transport solutions, especially now that our mobility ecosystems are evolving at an unprece-
dented pace. Due to the scale and complexity of these models, numerous parameters exist that
can significantly influence their outputs. Thus, calibration of these models is a prerequisite for
a “realistic” assessment of new transport policies. Demand and supply are the two components
of the traffic simulation models. Origin-Destination (OD) based demand models are widely
adopted in the transport modeling community. Local gradient approximation algorithms are a
popular optimization choice for calibrating the OD matrices, usually reconstructed using socio-
demographic statistics and traffic data. However, the problem of reconstructing OD matrices is
highly under-determined, meaning that multiple plausible solutions exist in terms of data and
OD structure. Further, considerable time and manual effort are spent fine-tuning the calibration
performance. In this work, we propose an end-to-end methodology for sequential calibration of
demand and supply parameters that automates various components in the calibration workflow
and leverages new ensemble techniques to increase robustness. First, we propose a simple yet
effective heuristic to address the bias in the initial estimates. Then, we use Bayesian optimiza-
tion to automate fine-tuning of SPSA parameters, followed by Bagging and Stochastic Parameter
Averaging (SPA) techniques to reduce the variance in the estimates. Finally, we use Bayesian
optimization to calibrate the mesoscopic supply parameters. We test our approach on analytical
and DTA simulation (SUMO) models with synthetic and real-world data on the network of Mu-
nich. The results show that our approach can provide reliable estimates even when data contain
substantial errors. Methodologically, we show that bagging and SPA can dramatically improve
the performance of state-of-the-art algorithms such as W-SPSA. This is important in two as-
pects. First, using parallel computing, bagging can improve performances while not increasing
the computational times. Second, bagging and SPA can be used with any stochastic optimization
algorithm. Finally, we open-source the developed platform in the interest of open science. The
platform can be used to calibrate any network in SUMO and can be extended by incorporating
new data, parameters, additional components, or libraries.

1. Introduction
A transportation system comprises different parts and their interactions, which results in travel demand and supply

of transport services (Cascetta (2001)). Researchers and practitioners develop transport models to study the effects of
an ongoing or new phenomenon on the transport system, e.g., the effect of new technology or a policy change on - how,
when, from/ to where people move, and their resultant social, economic, and environmental impacts. While analytical
or static transport models do exist, their outputs do not fully capture the complex dynamic interactions that occur
on a transport network (Chiu et al., 2011). Dynamic Traffic Assignment (DTA) simulation can represent the short-
term traffic flow variations and behavioral choices in a large-scale network (Ben-Akiva et al., 2012). Therefore, traffic
simulation models are increasingly preferred in modeling applications. Calibration of transport demand and supply
parameters is crucial before the models are applied for analysis and forecasting, as inaccurate parameters translate
into unreliable simulation outputs. Calibration is the process of finding the simulation model’s parameters so that the
difference between the simulated behavior (counts, travel time, speed) and observed behavior is minimized.

Calibration is formulated as an optimization problem to minimize the value of the objective function subject to
constraints (Antoniou et al., 2016). Thus, calibration of traffic simulation models depends on three main factors, namely
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calibration method [objective or fitness function and its formulation, calibration approach, optimization algorithms,
the goodness of fit (GOF) criteria], simulation model [assignment method, level of detail] and data [Measures of
Performance (MOP), data sources, aggregation, coverage]. The calibration of DTA models is an active field of research
with applications such as demand calibration and real-time traffic management. Demand calibration or estimation/
updating of the origin-to-destination (OD) demand matrices using traffic counts is a well-studied problem for transport
modelers. Origin-Destination (OD) demand estimation is a particular case of demand calibration where the link traffic
volumes/ flows/ counts are used to estimate the OD matrix (Cascetta et al., 1993). When multiple time-dependent
OD matrices are to be calibrated, the problem is also referred to as Dynamic Origin-destination Demand Estimation
(DODE) (Cantelmo et al., 2018). Researchers have proposed various methods exploiting the data, models, and problem
structure. On the algorithmic side, black-box optimization using approximated gradients is widely used to calibrate
OD matrices.

For a large-scale simulation scenario, calibration suffers from the “curse of dimensionality”(Djukic et al., 2012;
Cascetta et al., 2013), because the size of the OD matrix is large and thus the number of parameters. This means
parameter calibration becomes increasingly difficult with the increase in the number of parameters or OD pairs. Further,
the higher the level of error (bias and noise) in a priori OD estimates, it will be challenging to obtain the desired
solution. For calibration and validation (Buisson et al., 2014) of the transport models, researchers and practitioners
need MOPs. Traffic flow data or link volumes are the commonly used MOP. It is well known that N independent
equations are needed to find the unique solution of the system of linear equations with N unknowns. The availability
of lesser equations as compared to the number of unknowns leads to an under-determined system. In transport demand
calibration, the number of unknowns (OD demand pairs) greatly exceeds the number of equations (observed data). The
stochasticity, such as from the gradient approximation or optimization heuristics, vehicle routing in a simulation model
further compounds this. In fact, when the number of unknowns equals the number of equations, multiple solutions
can still occur due to the nonlinear nature of traffic, not always captured by conventional traffic data (Frederix et al.,
2013). The fact that there are multiple solutions might also make the algorithm prone to get trapped in undesired local
optima instead of converging to the desired local optima. To reduce the chance of undesired local optima, extensive
analysis is needed to check the reliability and robustness of the solutions. All these practical challenges can lead to
increased time complexity and computational burden. Moreover, if the calibration approach is not carefully designed,
the calibrated OD parameters might be far from the desired solution. This motivates us to apply enhancements to the
current demand (OD estimation) and supply calibration framework and propose an end-to-end methodology to find
optimal calibrated estimates while keeping the computational burden in check.

This paper applies simple yet effective heuristics and ensemble techniques (borrowed from the machine learning
field) to demand (OD estimation) and supply calibration. Specifically, we test two approaches: Bagging and Stochastic
Parameter Averaging (SPA). The latter is a novel algorithm developed in this research and inspired by the Snapshot
ensembling (Huang et al., 2017) and Stochastic Weight Averaging (SWA) (Izmailov et al., 2018), used in the field of
computer science to find the weights of Deep Neural Networks (DNNs) while avoiding local minima. Using multiple
experiments, we show that ensembling effectively reduces the variance in the final OD estimates. Further, the aver-
aged estimates are much closer to the true or desired estimates and thus, use the results of multiple local optimizers
to land closer to the desired solution. The fact that bagging can be executed on parallel nodes helps achieve these
improvements without increasing time complexity. In addition, we propose automatic tuning of the calibration algo-
rithm and thus reduce the manual effort and time spent in doing so hitherto. The remainder of the paper is structured
as follows: section 2 concisely reviews the literature on this topic, section 3 introduces indirect OD estimation and
supply calibration, section 4 introduces the methodology of our study, section 5 provides details on experimental de-
sign and calibration platform description, followed by section 6 with results, followed by conclusion in section 7 with
discussion, implications, and limitations of our study.

2. Literature Review
Omrani and Kattan (2012) reviewed DTA model calibration, focusing on the calibration parameters and approach.

The traffic simulation parameters belong to two categories: demand model calibration and supply model calibration.
Demand model parameters pertain to trip generation, destination, departure time, mode, and pre-trip route choices. OD
estimation is a specific case of demand calibration where time-dependent OD matrices are calibrated. On the other
hand, supply model parameters pertain to during-trip route choice, link and junction performance functions, traffic
flow models, and driving behavior models such as lane-changing and car-following. The nature of these parameters

Mahajan et al. Page 2 of 31



Autho
r-su

bmitted
vers

ion

Automating traffic simulation model calibration

can change depending on the granularity of the models, such as macroscopic, mesoscopic, and microscopic simulations.
Earlier, the demand models were calibrated considering other supply parameters as constant and vice-versa. These

approaches were followed by sequential (or iterative) calibration (Toledo et al., 2014), where supply calibration is
followed by demand calibration in a loop. These approaches, however, failed to capture the intrinsic interaction between
demand-supply (Toledo et al., 2014). In contrast, simultaneous calibration of all supply and demand parameters is
reported to provide the most efficient estimates (Toledo et al., 2014), although at the cost of additional complexity.
Another important distinction is between offline and online calibration procedures. The former calibrates the model
parameters given a set of historical observations. After this offline calibration, these parameters can be updated based
on the real-time or streaming data for prevailing traffic conditions in an online calibration(Balakrishna et al., 2007;
Antoniou et al., 2005). As for the optimization algorithms, global search methods, EA (Evolutionary Algorithms) (Ma
and Abdulhai, 2002), are reported to give good quality solutions. On the one hand, global search methods are relatively
less popular on large-scale networks, presumably because they are time-consuming and computationally expensive for
large-scale problems. The success of global algorithms depends on the properties of the model and might not scale
very well on large networks. Only a few studies have used the algorithms’ distribution and parallelization to improve
the efficiency of these algorithms and demonstrated their application on medium-sized networks (Omrani and Kattan,
2018).

On the other hand, researchers use local search heuristics, such as Simultaneous Perturbation Stochastic Approx-
imation (SPSA) (Spall, 1998a), which are efficient in terms of time and computation. Large-scale calibration is a
highly under-deterministic or indeterminate problem with multiple possible solutions. Therefore, local search ap-
proaches need enhancements, domain knowledge, and sensitivity analysis to obtain the desired solution. Researchers
have further tried to incorporate domain knowledge to improve the performance of SPSA. Some of the successful
applications of local heuristics are Weighted-SPSA (W-SPSA) (Antoniou et al., 2015; Lu et al., 2015), cluster-SPSA
(c-SPSA) (Tympakianaki et al., 2015), adaptive-SPSA (Cantelmo et al., 2014a). Djukic et al. (2012) applied Principal
Component Analysis (PCA) to tackle the high dimensionality of the calibrations to capture the input variation with
fewer parameters. Subsequently, the potential of dimensionality reduction was demonstrated in PC-Generalized Least
Squares (GLS) (Prakash et al., 2017), and PC-SPSA (Qurashi et al., 2020, 2022). Another approach is to assume a
prior distribution (quasi-dynamic assumption) of the data to reduce the number of variables artificially (Cascetta et al.,
2013) or to divide the problem into sub-tasks (Cantelmo et al., 2014b). Using meta-models to provide more domain
knowledge in black-box optimization helps converge faster. For example, Osorio (2019) approximated the network
model using an analytical representation and embedded it as a meta-model within the Simulation Optimization (SO)
algorithm. This approach gave promising results for large-scale networks. In another recent study by Ho et al. (2023),
authors used modified gradients in SPSA and proposed a differentiable Meta-model assisted SPSA (MSPSA) to speed
up the convergence of the SPSA.

The first set of challenges pertains to tuning the parameters of calibration algorithms such as SPSA’s gain coeffi-
cient. In the case of gradient-based optimization, the learning rate decides the convergence rate. The algorithm can
be very slow if the learning rate is too small. In contrast, if the learning rate is large, the algorithm can jump beyond
the optimum and oscillate or land in an unsuitable local optimum (too far from the starting iterate), leading to high
variance. Large learning rate values can also lead to high values in the OD matrix, leading to simulation overload
and slow down and even more time to tune the parameters of the optimization algorithm. In the literature, SPSA gain
coefficients, i.e., step-size (a) and perturbation vector (c), are predominantly manually selected after some sensitiv-
ity analysis. Spall (1998a) suggested that if the parameters to be optimized vary significantly in magnitude, scaling
should be applied to the gain coefficients. Such scaling was applied to step-size coefficients of SPSA by Tympakianaki
et al. (2018). However, even after scaling, finding the optimal value of gain coefficients requires conducting sensitivity
analysis and expensive function evaluations. The set of parameters for a scenario may not be transferable to a new
scenario and thus require a fresh and cumbersome sensitivity analysis. Thus, it costs a considerable time to select
the optimum parameters. The costly function evaluations limit the application of automatic parameter tuning methods
such as Bayesian optimization to OD demand estimation. Although Bayesian optimization works better than random
sampling, the former’s application will also be slowed due to time-consuming simulations. Thus, we conclude that
no existing systematic approach can help to automate the tuning of calibration algorithm parameter selection in the
context of OD demand estimation.

Traffic simulators are stochastic systems, implying that the simulation outputs and gradient approximations based
on these outputs are also stochastic. Thus, different types of averaging are used to address this stochasticity. For in-
stance, multiple simulations are averaged during each function evaluation to address the variance in the simulation
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outputs (e.g., due to randomness in �ow propagation and route choice). Random search choice algorithms, such as
SPSA, leads to additional stochasticity because the random choice is made in a selection of perturbation vector dur-
ing the gradient approximation step, which induces randomness in the search process. To address the randomness
in gradient approximation, Spall (1998b) recommended that an average of a few gradient evaluations in every single
iteration should be used for each gradient approximation. We term this technique as �gradient replications� to di�er-
entiate it from �gradient averaging� wherein gradients across current and past iterations are averaged. On this note,
Kostic et al. (2017) tested gradient replications and gradient averaging with the SPSA for demand calibration. They
found that gradient replications provide better convergence, whereas gradient averaging does not provide meaningful
bene�t, which supposedly could be due to a highly uneven and complex loss surface. However, in a general context,
such averaging is bene�cial when the curvature of the objective function starts to �atten along a dimension, e.g., as in
the case of the canal or a valley. In such situations, gradient descent-based optimization methods can be very slow in
convergence. In these cases,Momentumcan help to tackle the slow convergence (Ruder, 2016). Momentum tweaks
the gradient descent by providing a short-term memory and taking the weighted average of the gradients from the past
runs. References to gradient smoothing across iterations for SPSA can be found in Spall (1998b); Spall and Cristion
(1994).

Instead of gradients, averaging parameters or iterates (also called weights in machine learning) across iterations
is another popular idea. Spall (2003) mentions that the innovation of the seminal work of Stochastic approximation
method by Robbins and Monro (1951) is to do a �form of averaging across iterations�. This was followed by main-
taining the running average of the iterates in the case of stochastic optimization algorithms (Ruppert, 1988; Polyak
and Juditsky, 1992) for better convergence. For iterate averaging to perform better than individual estimates, most
individual estimates must land within the local neighborhood of the true or desired estimate. Otherwise, averaging
will lead to poorer estimates (Spall, 2003). Di�erent modi�cations of iterate averaging are also applied in the case of
Stochastic Gradient Descent (SGD) based algorithms in machine learning, where the running average of the weights of
the neural network helps to smooth the trajectory of the SGD. For instance, Izmailov et al. (2018) proposed Stochastic
Weight Averaging (SWA) where an average of the points/ iterates traversed by SGD with cyclical or constant learning
rate is used. SWA �nds much �atter solutions than SGD, leads to higher test accuracy, and improves the generalization
ability of the neural networks.

Another averaging-related method is based on the ensemble concept. An ensemble of models means combining
the decisions/ predictions of a set of individual models to provide a better prediction. Dietterich (2000) pointed out that
there can be many possible solutions to a problem in case of insu�cient data, which is also the case in OD estimation.
An ensemble of models can help to average the individual model �votes� and help to obtain optimal predictions.
Further, in machine learning, many models use local search to optimize the objective function and can often get stuck
in local optima. Therefore, an ensemble made by running multiple models with di�erent initialization can provide
better results. Bagging (short for Bootstrap Aggregating) is a common ensemble method. Bagging predictor (Breiman,
1996) is a technique in machine learning where multiple models are trained on subsets of the training data (bootstrapped
datasets). Then the �nal prediction is the average of the predictions of these trained models. Bagging is helpful if the
individual models have high variance since the variance of the averaged model is reduced. Breiman (1996) found that
for unstable procedures, bagging works well and �can push a good but unstable procedure a signi�cant step towards
optimality�. There are di�erent techniques on how to obtain di�erent models. For instance, in the case of Deep Neural
Networks (DNN), cosine annealing or cyclic learning rate is used during the training process, and model snapshots at
the end of each learning cycle are used for averaging the predictions. This method is known as snapshot ensembling
(Huang et al., 2017).

In this work, we aim to address the above challenges in demand and supply calibration in a uni�ed framework, and
our contributions are summarized as follows:

ˆ We develop a methodology to �ne-tune the calibration algorithm parameters automatically. Substantial research
shows in fact that these hyperparameters play a crucial role, but to the best of the author's knowledge, no method-
ology exists to estimate them. This is usually done manually, which is time-consuming and unreliable. This helps
to push the calibration process towards an automated approach.

ˆ We �nd that applying Bagging and Stochastic Parameter Averaging (SPA) techniques can improve the robustness
of the results. This is important since, typically, solutions obtained by local search calibration algorithms have
high variance, and these ensemble techniques can help to reduce such variance in the estimates.
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Table 1
Symbols used in the paper

Symbol Description
T Number of time intervals
� T Duration of each time interval
X Time-dependent demand parameters, e.g., time-dependent OD �ows in our case,X = ^X t`Åt Ë

T. In this work, we use the terms dynamic OD matrix and demand parameters interchangeably
since they are identical.

X a A priori or initial or given time-dependent parameter values,X a = ^X a
t `

p Number of OD pairs
Y Selected supply parameters
Ya A priori or initial of selected supply parameters
q Number of supply parameters
G Road network and other �xed supply parameters,G = ^G`
f Tra�c simulation model
M o Observed time-dependent sensor measurements,M o = ^M o

t ` , e.g., M o
t = ^Co

t ; Vo
t ` for count C

and speedV measurements
M s Simulated time-dependent measurements,M s = ^M s

t ` , e.g., M s
t = ^Cs

t ; V s
t ` for count C and

speedV measurements
m Number of link measurements
Z 1; Z 2; Z 3 Goodness of �tness function between simulated and observed measurements, simulated and prior

OD estimates, simulated and prior supply parameters, respectively
w1;w2;w3 Decision weights for error functionsZ 1; Z 2; Z 3, respectively in the multi-objective optimization
L Weighted overall objective function
Bx Bias factor for OD matricesX
Rx Randomness factor for OD matricesX
u Acquisition function for Bayesian optimization
A OD �ow-Link counts assignment matrix
W Weight-matrix for W-SPSA, W = J .A/, whereJ is a non-linear function
wcut* of f threshold value below which the correlation is set as zero
wround* of f boolean variable, if True, then the non-zero correlation between the parameter and the sensor is

set to 1
a; c SPSA gain coe�cients
A; 
; � other SPSA parameters
K , S, B, E Number of iterations for W-SPSA, sequential calibration, Bayesian optimization, and ensembles,

respectively
� Error level, which is acceptable and hence de�nes successful convergence

ˆ We also provide two additional contributions, which from a methodological standpoint, are minor, but have
substantial impacts on the calibration output in practice. First, we develop a one-shot heuristic system that
reduces intrinsic bias, reducing computational time. Second, we apply a Bayesian optimization framework that
e�ectively estimates the supply parameters.

ˆ The above approaches are developed using open-source tools and software and made available to advance the
research in tra�c simulation calibration.

3. Indirect OD estimation
3.1. Problem formulation

The o�ine calibration problem can be formulated using the notation in Table 1, inspired by Antoniou et al. (2015):
Indirect Dynamic Origin-destination Demand Estimation (DODE) is a speci�c case of transport demand calibration

where values of time-dependent OD matrices are the demand calibration parameters. This can be formulated as the
minimization of loss or objective functionL :

minimize
X;Y

L
�
M o;M s;X ;Y;X a;Ya�

(1)
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which can be operationalized as follows:

minimize
X ;Y

TÉ

t=1

�
w1Z 1

�
M o

t ;M s
t

�
+ w2Z 2

�
X t ;X

a
t

�
+ w3Z 3

�
Y t ;Y

a
t

��
(2)

subject to:

M s
t = f

�
X 1; § ;X t; Y1; § ;Y t; G

�
(3)

l x f X f ux l y f Y f uy (4)

andZ measures the discrepancy between the two quantities and is called Goodness-of-Fit (GoF) function or dis-
tance metric. In the case of measurements, the two quantities are the simulated and observed measurements, whereas,
in the case of parameters, they are the parameter's current value and the parameter's prior value. Equation 2 is a type
of multi-objective optimization, andw1, w2, andw3 are the assigned weights for these objectives. Equation 3 captures
the dependence between simulated outputs and the input parameters, which is directly obtained from the DTA tra�c
simulator.

Z 2 contributes discrepancy of the current estimates from the initial or historical demand estimates, so the opti-
mization algorithm is penalized for exploring far from the initial OD demand values. Furthermore, if the initial values
are biased, dependence on initial values in the objective function can prevent the optimization algorithm from reaching
the desired optimum. In other words, a misleading speci�cation of OD prior will restrict the algorithm from recovering
the desired values. The same is true for prior values of supply parameters. Thus, when prior parameters are heavily
biased or unreliable,Z 2 andZ 3 should be set to a small value. But still, the prior demand matrix has certain structural
information, such as the relative magnitude of the demand �ows among the zones. Prior information about parameters
needs to be provided to narrow down the possible solutions.

Since calibration is a constrained optimization problem (equation 4), we must specify the domain of the decision
variables, i.e., values in the OD matrices. The equation 4 speci�es the domain of the demand and supply parameters; if
the domain for the demand variables is wide, the local search algorithm has more �exibility to �nd solutions, leading
to a higher variance in the results. On the other hand, narrow domain speci�cation restricts the search space. These
constraints help provide additional information to the optimization algorithm regarding the search space of parameters.

3.2. Stochastic search and approximation with SPSA
3.2.1. Stochastic Approximation

Equation 2 is a form of an iterative optimization problem where the analytical form of the objective function
is unknown. To handle this, we move to Stochastic approximation (SA), which is a family of iterative stochastic
optimization algorithms used for the minimization of objective functions without an analytical form. Such objective
functions can only be estimated from noisy observations or noisy function evaluations, such as in black box systems.
In black box systems, only inputs and outputs can be viewed but not the inner mechanism of the system (Bunge, 1963).
A general form of SA is:

‚� k+1 = ‚� k * ak ‚gk. ‚� k/ (5)

where ‚� k is the decision vector for thekth iteration and‚gk. ‚� k/ is the estimate of gradient at‚� k. ak is the step
size or gain sequence. There are di�erent approaches to estimating the gradient of the objective function from limited
observations or function evaluations. The naïve gradient estimation can be done using �nite di�erences; the gradient is
estimated by perturbing the parameters in the decision vector sequentially, i.e., one at a time, evaluating the objective
function as many times as there is the number of parameters, and estimating the gradient. Sequential perturbation of
the elements of decision vector and function evaluation at those points has a high time complexity due to the high
run-time of large-scale tra�c simulators.
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3.2.2. Simultaneous Perturbation Stochastic Approximation (SPSA)
SPSA algorithm, by Spall (1998b,a), is a gradient approximation based optimization algorithm for stochastic op-

timization. In SPSA, the gradient is approximated by perturbing all the parameters simultaneously. This leads to only
two function evaluations of the objective function per gradient evaluation. Due to this advantage, SPSA is favored
for use in simulation-based OD estimation since function evaluation is expensive and the number of OD parameters
is large (of the order of thousands). Furthermore, SPSA reduces the computation time by order ofp, wherep is the
number of dimensions or, in our case, the number of OD parameters. The gradient vector in SPSA is approximated as
follows:

‚gk
�

‚� k
�

=
L

�
‚� k + ck � k

�
* L

�
‚� k * ck � k

�

2ck � k
=

L
�

‚� +
k

�
* L

�
‚� *
k

�

2ck � k
(6)

where‚� +
k = ‚� k + ck � k, and ‚� *

k = ‚� k * ck � k. Gain sequences are given byck = c_.k +1/ 
 andak = a_.A + k +1/ � ,
wherec, 
 , a, � andA are the SPSA parameters. The magnitude of gain sequences reduces withk. � k is a random
perturbation vector sampled from the Bernoulli distribution with values of+1 and*1 with equal probabilities.

3.2.3. Weighted - SPSA (W-SPSA)
SPSA does not account for any domain information and parameter correlations while propagating gradients from

objective function to parameters. Thus, various extensions of SPSA for DODE are proposed in the literature, as dis-
cussed in the previous section. Of the proposed extensions, the Weighted-Simultaneous Perturbation Stochastic Ap-
proximation (W-SPSA) exploits the simulator knowledge to map the correlations of the gradients with the parameters.
W-SPSA (Lu et al., 2015; Antoniou et al., 2015) uses instead a weight matrix to account for the correlation of the errors
in MOP with the parameters (OD �ows) during gradient approximation. This enables the use of information from the
tra�c simulator to discard the gradient signal from uncorrelated measurements. W-SPSA can also be seen as splitting
the original problem into multiple smaller SPSA problems (Antoniou et al., 2015). To show how W-SPSA works, we
re-write the loss function (2) by omitting the constants (observed measurements and prior values of the parameters),
using� to denote the demand and supply parameters, and settingw2 = w3, Z 2 = Z 3, andP = p + q for the sake of
verbosity:

L .� / =
TÉ

t=1

�
w1Z 1 .f .� // + w2Z 2 .� /

�
(7)

Now, the additive elements ofL can be arranged in a.m+ P/T arrayZ :

Z =
�

w1z1;1.� / § w1z1;mT.� / w2z2;mT+1 .� / § w2z2;.m+P/T .� /
�

(8)

Wherez corresponds to the element-wise error function for each parameter or measurement. The gradient es-
timation in W-SPSA makes use of the correlation between parameters and measurements based on the following
(P T • . m+ P/T) dimensional matrix :

W =

b
f
f
f
f
f
f
d

w1;1 w1;2 § w1;m § w1;mT § w1;.m+P/T
w2;1 w2;2 § w2;m § w2;mT § w2;.m+P/T

4 4 4 4 4
wP ;1 wP ;2 § wP ;m § wP ;mT § wP ;.m+P/T

4 4 4 4 4
wP T ;1 wP T ;2 § wP T ;m § wP T ;mT § wP T ;.m+P/T

c
g
g
g
g
g
g
e

wherew i;j is the correlation ofi th parameter withj th measurement or parameter. Note that these weightsw i;j are
di�erent from the weights of multi-objective optimization (as in the equation 2), which are denoted by bold symbolw.
The gradient calculation steps for thei th parameter can be written as follows:
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‚gki
� ‚� k

�
=

³ .m+P/T
j =1 w ij

�
Z +

j * Z *
j

�

2ck � ki
=

1
2ck � ki

W ñ
i

�
Z + * Z * �

(9)

whereW i is thei th row of the weight matrix, and

Z + =
�

w1z1;1.� + / § w1zmT.� + / w2zmT+1 .� + / § w2z.m+P/T .� + /
�

(10)

Z * =
�

w1z1;1.� * / § w1zmT.� * / w2zmT+1 .� * / § w2z.m+P/T .� * /
�

(11)

It can be seen that the gradient for each parameter is computed di�erently (equation 9) in W-SPSA instead of a
single gradient value for all parameters as in the case of SPSA (equation 6). The gradient matrix for all the parameters
can be written as follows:

‚Gk =
1

2ck
W ñ �

Z + * Z * �
å � k (12)

whereå is the operator for element-wise division of matrices. For further details on W-SPSA, we refer the reader
to Lu et al. (2015); Antoniou et al. (2015). Finally, momentum can be used with W-SPSA to obtain the running average
of the gradients across iterations for e�cient convergence. Thus, the update step (equation 5) can be replaced with the
following:

vk+1 = �v k * ak ‚gk

� k+1 = � k + vk+1
(13)

Where� is the momentum factor with a value between 0 and 1.

Algorithm 1 W-SPSA, source: Lu et al. (2015); Antoniou et al. (2015)

Input: SPSA gain coe�cients^a; c̀ and other parameterŝ
 , � , A` , number of iterationsK or error tolerance� ,
Initial parameter� 0

Output: � £

1: L 0 } L
�
� 0

�

2: for k } 1, 2,§ , K do . minimize
� =^X;Y `

³ T
t=1

�
w1Z 1

�
M o

t ; M s
t

�
+ w2Z 1

�
X t; X a

t

�
+ w3Z 2

�
Yt; Ya

t

��

3: ak } a_.k + A/�

4: ck } c_.k/�

5: W } Wk

6: ‚Gk } 1
2ck

W ñ �
Z + * Z *

�
å � k

7: � k+1 } � k - ak
‚Gk.� k/

8: L k }
³ T

t=1

�
w1Z 1

�
f .� k+1 /

�
+ w2Z 2

�
� k+1

��

9: if L k f L k*1 then
10: � £ } � k
11: end if
12: if L k < � then break
13: end if
14: end for
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4. Methodology
4.1. Overview

The complete methodological framework for o�-line calibration is summarized in Figure 1. The �gure shows the
application of the bias-correction heuristic on the initialized parameters. This is followed by automatic SPSA parameter
tuning and, �nally, ensembling of W-SPSA with sequential demand calibration and supply calibration (only in case of
real data scenario). The following sub-sections provide the details on these aspects.

Figure 1: Proposed demand-supply o�ine calibration framework
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4.2. Sequential calibration
Equation 2 implies simultaneous calibration of demand and supply parameters since both sets of parameters are

optimized simultaneously in a single objective function. Even though simultaneous calibration of demand and supply
parameters provides e�cient estimates (Toledo et al., 2014) (since at every iteration, both sets of parameters are consis-
tent), it comes with additional computational complexity and more degrees of freedom. On the contrary, in sequential
calibration, demand, and supply parameters are calibrated sequentially. It means the demand parameters are initially
calibrated while keeping supply parameters �xed, followed by calibrating supply parameters while keeping the de-
mand parameters �xed. Although this helps to reduce the complexity, this could be time-consuming since the process
is repeated till estimates of both sets of parameters are consistent. Therefore, in sequential calibration, Equation 2 can
be decomposed into two parts: demand (line 2 in algorithm 2) and supply (line 4) calibration.

Algorithm 2 Sequential demand and supply calibration

Input: weights for sensor counts and prior OD matricesw1 andw2, prior parametersX a andYa, number of sequential
iterationsS

Output: X , Y
1: for s } 1, 2,§ , Sdo
2: X £

s } minimize
X

³ T
t=1

�
w1Z 1

�
M o

t ; M s
t

�
+ w2Z 2

�
X t; X a

t

��
. Demand calibration

3: X t } X £
s

4: Y£
s } minimize

Y

³ T
t=1

�
w1Z 1

�
M o

t ; M s
t

�
+ w3Z 3

�
Yt; Ya

t

��
. Supply calibration

5: Yt } Y£
s

6: end for

Sequential calibration provides the advantages of computational simpli�cation of a large optimization problem
into two smaller problems. Also, optimization can be �exibly adapted for the demand and supply parameters. This is
important because demand and supply have distinct properties, such as a number of parameters, their range of possible
values, and parameter sensitivity (Ciu�o et al., 2014) toward simulation outputs. This reason motivates the selection
of suitable optimization techniques for each class of parameters. For instance, optimization algorithms scalable to
high dimensions, such as SPSA, make sense for demand parameters that are large in number. On the other hand, if
the number of supply parameters to be tuned is fewer, other state-of-the-art optimization techniques, such as Bayesian
optimization, can be applied.

4.3. Bias-variance decomposition
DODE can be seen as determining the optimal demand and supply parameters based on the given initial conditions

(starting parameters), and search process. Due to the estimation process, an error will occur between the estimated
demand (or supply) parameters and optimal demand parameters. Now, we de�ne:

ˆ Let h.x/ represent the (family of) estimators to be learned from sequential minimization in algorithm 2, where
x = ^X; Y ` are the possible solutions.

ˆ Let h<.x/ be the best estimator i.e., which provides the best values of parameters.
ˆ U represents the stochasticity of the search process which a�ects the outcome. This stochasticity can arise due

to the characteristics of the optimization algorithm and simulator.
ˆ Then,bias is the error between the average estimator (averaged overU ) and the best estimatorh<.x/
ˆ Randomness due toU will give rise tovarianceof a single estimatorh.x/
ˆ Finally, we have thenoiseor irreducible error, which is the di�erence between the unobserved true estimatorH

and the best estimatorh<.x/
Using the Bias-Variance decomposition, the error can be written as:

expected error= . bias/2 + variance+ noise (14)
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where

. bias/2 =
Ê

�
EU [h.x; U /] * h<.x//


 2
p.x/dx

variance=
Ê

EU

� �
h.x; U / * EU [h.x; U /]


 2
�

p.x/dx

noise =
Ê

^h<.x/ * H ` 2p.x;H /dxdH

Initial values or the given parameter values can be seen as belonging to the sub-optimal estimator that needs im-
provement. Thus, DODE aims to correct initial parameter values to recover the �true� or desired values. IfX < is the
best estimate (corresponding toh<.x/) andX a is the initial/ current or given estimate, then:

X a = X <..1 * Bx / + Rx � / (15)

where,Bx andRx & � control the systematic bias and randomness, respectively, in each parameter value. HereRx

is the contribution due to the estimator variance and noise. Thus, the selected estimator should be the one that leads
to minimum error. In the following subsection, we provide a step-wise approach to addressing the bias and variance
of the estimators:

4.4. One-shot bias correction heuristic
As the true estimatorH is unknown, it is impossible to compute the expected error. Therefore, this sub-section

introduces an alternative approach for bias correction (algorithm 3) applicable when the count data from links is
available. The functional relationship between the OD �ows and sensor counts can be then represented using the
following equation (ignoring measurement errors):

C = Añ X (16)

where,C is the.mT • 1/ dimensional column matrix for the sensor counts,X is the.pT • 1/ dimensional OD
demand demand column matrix, andA is the.pT • mT/ dimensional assignment matrix of demand onto the sensors.
In uncongested networks, link �ows depend linearly on the demand because the link costs or assignment matrix in
uncongested networks do not depend on the demand. Now we can write the above equation for both the simulation
and real scenarios:

Co = A r
ñ X r Cs = As

ñ X s (17)

Under the assumptions of the uncongested network and similar demand-link assignment in real-world and simula-
tion, combining the above two equations gives us the following:

X r = BX s (18)

WhereB is the factor based on the sensor counts in simulation and measurements. Under assumptions of an
uncongested network, we only use a single run of the simulation to upscale or downscale the OD demand matrix for
a given time interval. Therefore, it is called a �one-shot�. We approximateB in two ways, as shown in algorithm 3.
In �rst case, we simulate the initial demandX a and calculate the ratio of the cumulative simulated counts with the
cumulative measured counts (Line 5 in algorithm 3) where,Cs

t;m andCo
t;m are the simulated counts and observed counts

during periodt for themth sensor, respectively, andN c is the number of sensors in the network. This scalar value is
termed the Naïve bias factor, which is used to upscale or downscale the initial values and estimate the intermediate
�bias-corrected� OD matrix̂ ‚X t` .

The above factor has limitations as it assumes that demand for the current interval only in�uences the link incidence
of the same interval and ignores the correlation of count sensors with the demand. However, in practice, this is not
true. To address this, we can also use the simulator knowledge, i.e., the assignment matrix, to obtain an accurate Bias
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Algorithm 3 Bias correction heuristic

Input: Initial OD parametersX a, Other parameters including supply parametersY, Road network and other �xed
supply parametersG, Observed sensor countsCo

Output: ‚X a

1: M s
t } f

�
X a

t ; Y; G
�

2: Cs
t ; Ss

t } M s
t

3: if method=Naïvethen
4: for t } 1; 2; § ; T do

5: ‚Bx
t }

³

mËNc
Cs

t;m

³

mËNc
Co

t;m

6: ‚X a
t }

X a
t

‚Bx
t

7: end for
8: end if
9: if method=weightedthen

10: ‚Bx } Cs å C o � W ñ

11: ‚X a } X a å ‚B
x

12: end if

factor. The idea is to estimate the bias factor for the demand �ows based on the count sensors which fall along the
routes or paths during speci�c periods for the given demand �ows. Thus, the contribution of the uncorrelated count
sensors and periods can be omitted. We use the weight matrix (same as the weight matrix in W-SPSA) in line 10 of
algorithm 3.

Due to the simplicity of the above heuristic, there is no guarantee that‚X a
t will lead to a better �t of sensor counts.

The proposed method can be applied to the demand corresponding to the o�-peak hours before calibrating the demand
for the peak hours due to the possibility of congestion. If most of the network during peak hours is uncongested, then
the above relationship can be expected to approximate the upscaling or downscaling factor. Therefore, the accuracy of
the correction depends on the actual state of the network and how the congestion a�ects the demand-link assignment
within the calibration intervals. Nevertheless, this step is only an intermediate step and provides a principle for initial
adjustment in the given estimates. Further �ne-tuning is performed by calibration algorithms, which are discussed in
the following sections.

Using initial demand i.e.,X a for domain speci�cation can be ine�ective since initial values are disturbed due to
bias and noise, as shown in equation 15. Instead, we use‚X a for specifying the domain since they have been partially
adjusted for the bias. Further, we specify a domain �exibly depending on each of the values of the parameter, using
the ‚X alx f X f ‚X aux , where,lx andux are the multiplicative factors for specifying the lower bound and upper bound
on the parameters. Thus, at least two parameters (lx andux) are needed to specify the domain for the complete set of
demand parameters. By using the‚X a, we take into account the (corrected) prior knowledge about the magnitude of
the parameters. The domain speci�cation leads to a fan-shaped domain speci�cation, where the domain is narrow for
the smaller values of the parameters, and vice-versa.

4.5. Automatic tuning of SPSA parameters using analytical model
We use an analytical assignment method approximated from the initial simulation run to automatically �ne-tune

the calibration or optimization algorithm's (such as SPSA) parameters. In this way, we avoid iterating over the com-
putationally expensive simulation-based dynamic assignment. Thus we call it a �simulator out of the loop,� i.e., the
calibration algorithm does not use DTA or simulation assignment but uses an alternate analytical assignment method.
Therefore, we do away with the need to �ne-tune the algorithm's parameters with the simulator in the loop, and thus
reduce the computational burden and save time. After tuning the calibration algorithm's parameters, we run the cali-
bration with the simulator and similarly call it a �simulator in the loop,� i.e., The calibration algorithm involves iteration
or looping over the DTA simulator for tra�c assignment.

To develop the analytical model, we only use an initial simulation-based assignment to derive the assignment
matrix. An assignment matrix is endogenous to the simulator based on the time-dependent OD �ows and route choice
model and is derived from the incidence of the OD �ows on the edges with count sensors. The functional relationship
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between the OD �ows and link counts can be then represented using the following equation:

‚Cs = Añ ‚X (19)

where, ‚C are the sensor counts from the analytical assignment,A is the assignment matrix derived from the simu-
lator. We use equation 19, as an approximation of the simulator to �ne-tune the algorithm's parameters. This analytical
assignment is way faster than running the simulator. This equation can also be seen as a meta-model of the simulation
model. This method does not use the sensor or link speeds, since the complex relationship between the link speeds and
OD �ows is non-linear and cannot be analytically approximated using just the assignment matrix. Thus, to use this
approach, sensor counts must be used as MOP in the GoF function. The parameter (� ) tuning can be formulated as an
optimization problem (equation 20), keeping demand and supply parameters �xed, where,‚Cs is given by equation 19.

� £ } minimize
�

L

minimize
‚X t

TÉ

t=1

�
w1Z 1

�
Co

t ; ‚Cs
t

�
+ w2Z 2

�
‚X t; ‚X a

t

��
M

(20)

Overall, the automatic parameters tuning module can be viewed as a hierarchical optimization framework consisting
of the following:

1. First-level or inner optimization using calibration algorithm with an analytical model to calibrate the pseudo
demand parameters (‚X t) with a given set of parameters. This is shown by the inner part of the equation 20.
We cannot ensure the consistency between the demand and assignment matrix during optimization by using
the analytical model (equation 19) instead of the simulator. This is because when there is a change in the
demand parameters (‚X ), the assignment matrix (A) is considered �xed during the inner minimization in equation
20. Thus, the calibrated demand parameters here are referred to as pseudo-demand parameters (‚X t) for the
algorithm's parameter tuning. Still, they help decide the appropriate gain coe�cient values for optimization
based on the magnitude of the parameters.

2. Second-level or outer optimization with Bayesian learning to �ne-tune the algorithm's parameters (ak; ck) based
on the �rst-level optimization. The reason for using Bayesian optimization is that it is a powerful optimization
technique when the objective function is not observed, function evaluations are expensive, and the number of
parameters is limited. In this case, the objective function is shown by the outside part of the equation 20. A sim-
ple Bayesian optimization algorithm adapted from (Brochu et al., 2010) is presented in Algorithm 4. Bayesian
optimization uses an acquisition functionu to sample the next data point, deciding between exploration and
exploitation (Brochu et al., 2010). By specifying a smooth prior belief, such as Gaussian Process (GP), we can
calculate the posterior distribution of the GP by sampling the new data points iteratively. The posterior distribu-
tion is the surrogate model of our unobserved objective function (equation 20). The acquisition function samples
the points by evaluating the expected value of a surrogate function and selecting the point which maximizes it.
We refer the reader to the tutorial on Bayesian Optimization for further details (Brochu et al., 2010).

Algorithm 4 Bayesian optimization adapted from (Brochu et al., 2010)

1: for b } 1;2;§ ; B do
2: Let x represent the gain coe�cientŝa; c̀ , then �nd xb by optimizing the acquisition function over the GP:

xb = argmax
x

u.xðD1: b*1 /

3: Sample the objective function:yb = L .xb/ . L } minimize
‚X t

³ T
t=1

�
w1Z 1

�
Co

t ; ‚Cs
t

�
+ w2Z 2

�
‚X t; ‚X a

t

��

4: Augment the dataD1: b = ^D1: b*1 ; .xb; yb/`
5: end for

Subsequently, the sequential optimization of demand (and supply) parameters (algorithm 2) is done using the
optimal calibration algorithm's parameters obtained by the above hierarchical optimization module.
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4.6. Ensembling for variance reduction
Due to the under-determined nature of OD estimation, there can be multiple solutions for a given optimization

formulation (Equation at line 2 in algorithm 2) and local-search algorithms, such as SPSA, can result in the distinct local
minima resulting in parameters with considerable variance. Due to variance in the spatiotemporal demand patterns,
variance in sampling distribution or measurement errors, and simulation behavior stochasticity, some of these solutions
can be hypothesized as a manifestation of the desired or �true� solution. Parameter averaging, such as in the bagging
technique and SWA, can help to cancel out some of the variance in the individual solution so that the averaged solution
is closer to the desired solution.

Algorithm 5 W-SPSA with Bagging

Input: Bias-corrected dynamic OD matrices‚X a
t , number of bagging ensemblesE, exploration parameter� 2

Output: X £ . Averaged or �bagged� estimate
1: for e } 1, 2,§ , E in parallel do . Bagging cycles
2: � } N .0; � 2/
3: ‚X a } ‚X a + �
4: X £

e } minimize
X

³ T
t=1

�
w1Z 1

�
M o

t ; M s
t

�
+ w2Z 2

�
X t; ‚X a

t

��
. Demand calibration using W-SPSA

5: end for
6: X £ } 1

E

³
X £

e

4.6.1. Bagging (ensembling with cold restart)
Here we run multiple estimators, such as W-SPSA (in parallel or serial order), and record the �nal estimates of each

run or cycle. Since SPSA is stochastic due to the nature of its search process (see equation 6, where� k is a random
vector). Thus, di�erent runs of SPSA with di�erent seeds can lead to di�erent local optima, even if SPSA parameters
are kept the same. In all the cycles, the same initial estimate is used, which is why this can be referred to as �cold
restart� (algorithm 5), since knowledge from the previous cycle is not used to in�uence the current cycle. However,
we add a small exploratory noise in the initial OD vector to promote the optimization algorithm to �nd new solutions.
With the cold restart, the algorithm has more freedom to explore other possible solutions which are scattered around
the desired solution. The �nal �bagged� estimate is the simple average of all the �nal estimates from all the W-SPSA
cycles. Further, speci�cally in bagging, individual models can be trained in parallel, thus o�setting the time cost of
multiple optimization cycles. For further details on bagging, we refer the reader to Dietterich (2000); Breiman (1996).

4.6.2. Stochastic Parameter Averaging (ensembling with warm restart)
We propose ensembling with warm restart and refer to this approach as SPA (Stochastic Parameter Averaging),

inspired by SWA (Izmailov et al., 2018), snapshot ensembling (Huang et al., 2017), and SGD with warm restarts
(Loshchilov and Hutter, 2016), for W-SPSA. We use the term �parameter� instead of weight since the former term is
more common in tra�c calibration literature. In SPA, the gain coe�cients are reset after �xed iterations or when the
objective function �tness is not changing much. The next optimization cycle uses the iterate from the previous cycle as
the initial parameters (algorithm 6); hence, it is referred to as �warm restart�. The resetting of SPSA gain coe�cients
resembles the cyclic learning rate. The idea is after initial convergence around a probable solution, W-SPSA is further
pushed to explore the other solutions for improvement, but in the vicinity of the estimate from the previous cycle.
Finally, we take the simple average of cycle estimates to obtain the �nal �SPA� estimate.

4.7. Calibration of supply parameters
We use Bayesian optimization (Algorithm 4) for calibrating the selected supply parameters (line 4 in algorithm 2).

Di�erent data sources, such as point-based, edge-based, and network-based, can be used to calibrate the parameters.
The type of supply parameters can vary based on the speci�c simulator. However, Bayesian optimization is a kind of
black-box optimization and thus accesses only the inputs (parameters) and outputs of the objective function. Therefore,
supply parameters to be calibrated are selected based on their sensitivity to the output data or corresponding MoPs. If
certain parameters are not much sensitive to the outputs, it is not possible to calibrate them with the given data.
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Algorithm 6 W-SPSA with Stochastic Parameter Averaging (based on SWA (Izmailov et al., 2018))

Input: bias corrected dynamic OD matrices‚X t, number of SPA cyclesE
Output: X SP A {Averaged SPA estimate}

1: for e } 1, 2,§ , E do
2: X £

e } minimize
X

³ T
t=1

�
w1Z 1

�
M o

t ; M s
t

�
+ w2Z 2

�
X t; ‚X a

t

��

3: X SP A = .e*1/ �XSP A+X £
e

e

4: ‚X a = X £
e

5: end for
6: X £ } 1

E

³
X £

e

5. Experiment design and set-up
5.1. Overview

In this research, the demand parameters are the time-dependent OD matrices. Supply parameters control the tra�c
propagation and route choice behavior. The details of scenarios with di�erent simulation and data combinations for
varying levels of simulation complexity and data are as follows:

1. Scenario 1: Analytical assignment with synthetic sensor counts: A randomly generated demand-link assign-
ment matrix is used for mapping OD �ows (randomly sampled using a distribution function) to sensor counts
using equation 19). In the case of synthetic experiments, where true OD parameters are generated/ known, the
algorithm is also validated by the error between the calibrated OD parameters and true OD parameters. The
method's performance is evaluated on the �tness of sensor counts and OD matrices. This scenario focuses on
obtaining accurate demand estimates (line 2 of algorithm 2), which is why supply parameters are considered
�xed. Hence, this scenario is just restricted to demand calibration.

2. Scenario 2: SUMO and Munich network with synthetic sensor counts data: Given OD �ows are simulated
(Moeckel et al., 2020) and corresponding sensor counts are recorded as desired counts. In this case, supply
parameters are kept constant and thus not part of the calibration. The method's performance is evaluated on
both the �tness to measurements (counts, speeds) and OD matrices.

3. Scenario 3: SUMO and Munich network with real-world sensor counts: Given OD �ows (Moeckel et al., 2020)
are used with sensor counts from real-world data sources (BAST: Bundesanstalt für Straÿenwesen, 2023). We
use the best-performing approaches in the above scenarios and apply them here. In this case, true OD matrices
are not known, and the performance of the algorithm is only evaluated on sensor count �tness. To achieve the
best �tness, we calibrate the demand and the supply parameters sequentially (algorithm 2).

5.2. Initialization

Algorithm 7 Initialization

Input: Initial OD parametersX t (real case) or distributionDX (synthetic case), Other parameters including supply
parametersY, Road network and other �xed supply parametersG, Observed sensor measurementsM o

t (real case)
Output: X a; Co

t ; So
t

1: if scenario =syntheticthen . Synthetic data scenario
2: X<

t í DX . Generate true OD matrix parameters
3: M s

t } f
�
X<

t ; Y; G
�

. Generate true sensor measurements
4: X a } X <..1 * Bx / + Rx � / . Perturb original parameters
5: Co

t ; So
t } M s

t . Assign observed measurements
6: else . Real data scenario
7: X a } X t . Assign seed matrix
8: Co

t ; So
t } M o

t
9: end if
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A �true� OD is sampled from an underlying distribution for the experiments with synthetic data. Based on the
empirical �ndings, we select a right-skewed distribution for sampling the OD demand, so a few OD pairs have many
trips mirroring large and dominating zones (such as external zones) within the study area. On the other hand, most
zones have a relatively smaller number of trips. The sampled demand matrix (in case of synthetic experiments) or initial
OD demand matrix (in case of real scenarios) is given as input to a tra�c simulator (Algorithm 7), and corresponding
simulation outputs (link counts and link speeds) are recorded.

Subsequently, bias and randomness, proportional to the OD parameter's magnitude, are added to the true demand
values according to equation 15. In this way, a �true� or desired OD matrix is corrupted or disturbed by adding arti�cial
bias and noise. This disturbed OD matrix is used as the initial or given OD matrix (X a), similar to practical situations
where the actual or �true� OD matrix is unknown. However, instead, an error-prone prior estimate is available. Due to
errors in the prior demand matrix, we do not use it in the calibration objective function, i.e., we setw2=0 andw3=0
in all the above scenarios (algorithm 2). Thus, optimization is guided by the �tness of counts or speeds measurements
(w1=1), but the search is restricted within the domain or structure speci�ed using bias-corrected prior estimates.

5.3. Gradient and performance evaluation
We use primarily Weighted Average Percentage Error (WAPE) (equation 21) as our evaluation criteria for OD �t-

ness and count �tness. WAPE weights the percentage errors based on their magnitude since the scale of the parameters
can vary across a wide range. WAPE, also called MAD/ mean ratio, is a preferred alternative over MAPE (Kolassa
and Schütz, 2007). This is crucial since the costs of inaccurate estimation of large OD demand �ows can be more ad-
verse and thus need to be minimized. Apart from WAPE, we use Root Mean Squared Error (RMSE) for performance
evaluation.

WAPE =
³

.ðx * ‚x ð/
³

x
(21)

In W-SPSA gradient calculation steps, we scale the estimators (z1 andz2) relative to each other using the following
method (He et al., 2021):

›z 2 = z2 �
max̂ z1`
max̂ z2`

= z2 � � 2 (22)

where� 2 is the scaling factor. Alternatively, the measurements or parameters can be normalized or standardized
before evaluating the estimator. Similar scaling is used for speed measurements if included in the objective function.

5.4. Experiments
We conduct the grid-based evaluation of the e�ect of the parametersBx andN x on the e�ectiveness of our proposed

approach. Since we expect ensembling to be bene�cial when the individual estimates are in the neighborhood of each
other, by averaging some of the variance can be canceled, and the mean of the estimates is closer to optimal values,
as compared to the individual estimates. We hypothesize that with the increase in the magnitude of bias and noise in
the initial OD values (X a), the resulting calibrated estimates can be far from each other, which can lead to reduced
e�ectiveness of the ensembling. This grid-based evaluation helps to de�ne the value ofN x for the following scenarios
2 and 3. We also add randomness to the sensor count measurements and check the impact on the calibrated estimates.
The noise is added to mimic random data errors according to‚Co = Co.1 + Rc� /. We incrementally add the proposed
methodological components to the baseline W-SPSA method and evaluate the improvement. The possibilities are
enumerated as follows:

1. W: Baseline, using only W-SPSA and manual speci�cation of SPSA parameters.

2. BC: Bias correction heuristic

3. A-W: W-SPSA withAutomatic SPSA's parameter Tuning (AST).

4. W-B: W-SPSA with Bagging (B).

5. W-SPA: W-SPSA with Stochastic Parameter Averaging (SPA).
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6. A-W-B: W-SPSA with Automatic SPSA Tuning, followed by Bagging.

7. BC-A-W: Bias correction heuristic, followed by W-SPSA with Automatic SPSA Tuning.

8. BC-A-W-B: Bias correction heuristic, followed by Automatic SPSA Tuning for W-SPSA, with bagging

5.5. Computation burden
The computation requirement for convergence of the algorithm depends on many factors. We quantify the com-

putation requirement of our approach in terms of the number of objective function evaluations or tra�c assignment
instances. Depending on the type of scenario, the type of tra�c assignment (analytically or simulation-based) and its
time burden can be di�erent. If all the methods are used, then the minimum number of times function evaluation is
done can be expressed as1 + S..3 � E � K / + B/. This is because we need one evaluation of BC and three evaluations
for each W-SPSA (ignoring gradient and simulation replications). We used a desktop PC (8 i7-11700F @ 2.50GHz
physical cores and 50 GB RAM) and a workstation (36 Intel Xeon @ 2.60 GHz physical cores and 156 GB RAM). A
single analytical tra�c assignment requires less than 5 seconds due to its simplicity, whereas a single simulation-based
tra�c assignment takes around 31 minutes.

5.6. Calibration platform description

Figure 2: Calibration platform and SUMO simulator coupling in Python

We developed a Python-based platform for the sequential calibration of the demand and supply parameters of the
large-scale mesoscopic tra�c simulation in Simulation of Urban Mobility (SUMO) (Lopez et al., 2018). Figure 2 shows
a schematic representation of the platform. Given the simulation inputs (simulation network, tra�c analysis zones,
detector locations) and parameters' priors, the platform calibrates the demand according to the proposed methodology.
Other parameters that are �xed are, therefore, not part of calibration or outside of the scope of calibration. An initial
OD matrix is used to generate trips between edges in di�erent Tra�c Analysis Zones (TAZs). The routing algorithm
in SUMO assigns routes to these trips. We select a few supply parameters which in�uence tra�c �ow, junction delays,
and route choice behavior. These parameters are de�ned below:

1. Automatic or online routing is used for the tra�c assignment. According to SUMO (2023a), this routing ap-
proach works by giving some or all vehicles the capability to re-compute their route periodically based on the
tra�c conditions in the network. This kind of routing is also referred to as a ��exible one-shot assignment�
(Castiglione et al., 2014). The parameters in�uencing the routing of vehicles are

(a) re-routing probability: The probability for a vehicle to have a routing device

(b) re-routing period: The period with which the vehicle shall be rerouted

(c) re-routing adaptation steps: The number of adaptation steps for averaging
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Table 2
Enumeration of calibration parameters

Simulator ™ Analytical Black box
Data ™ 1. Synthetic 2. Synthetic 3. Real

Network parameters

p 2500 5256 5256
T 3 5 5

� T 1 hour 1 hour 1 hour
m 500 1166 450

SPSA parameters


 0.01 0.101 0.101
� 0.7 0.602 0.602

Range forc .0:01;10/ .0:01;1/ .0:01;1/
Range fora .1x10*6 ; 1x10*3 / .1x10*5 ; 1x10*3 / .1x10*7 ; 1x10*2 /

K 100 50 50

W-SPSA weight parameters

wround* of f True True True
wcut* of f 0.01 0.01 0.01

Other parameters

S upto 5
B upto 100
E upto 20

2. To in�uence the routing decision, the travel time of di�erent types of edges can be scaled depending on their
priority, using the parameteredge priority factor(SUMO, 2023c). As a consequence, low-priority edges will
receive a penalty and have increased travel times, whereas high-priority edges receive little or no penalty.

3. The parameters which a�ect other delays (SUMO, 2023b) are

(a) tls_travel-time_penalty: This is a headway penalty to reduce the maximum �ow across a signalized inter-
section.

(b) meso_minor_penalty: This is a �xed time penalty when passing a prioritized link.

We implement the W-SPSA by extending the Python SPSA implementation by Mayer (2017). All inputs pertaining
to the network speci�cation, count detectors, demand zones, SPSA parameters, etc, for three scenarios, are shown in
Table 2. Values of SPSA parameters
 and � are �xed based on initial sensitivity analysis. We select SPSA gain
coe�cient a and perturbationc parameter for the automatic tuning module and thus� = ^a; c̀ . Their search space is
speci�ed in Table 2. The complete platform is implemented using Python and is available on GitHub (see footnote on
the front page).

6. Results
6.1. Automatic SPSA parameter Tuning (AST)

As discussed in Section 4.5, the automatic tuning procedure is solved as a hierarchical optimization process. The
�rst step deploys W-SPSA to calibrate the pseudo demand parameters, while the second step uses Bayesian learning to
�ne-tune the SPSA parameters (ak; ck). For the Bayesian learning model, we use Matérn kernel as the Gaussian prior,
and Upper Con�dence Bound (UCB) as the acquisition function (Brochu et al., 2010). In all scenarios, we speci�ed
the parameter space forc as (1e-2, 1e1). The space fora is set to (1e-6, 1e0) for scenario 1, whereas it is set to (1e-7,
1e1) for scenarios 2 and 3. The points are randomly sampled on the logarithmic scale for initial probing, followed by
Bayesian optimization. The number of iterations for initial probing/ exploration and number of iterations for Bayesian
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Figure 3: Automatic tuning of SPSA gain coe�cients using Bayesian optimization for (left) scenario 1: synthetic simulator
and (right) scenario 3: SUMO with real data

optimization was set tô50;100` for scenario 1, and̂100;200` for scenarios 2 and 3. In Figure 3, we show the results
of automatic SPSA parameter tuning for scenario 1 and scenario 3. The WAPE is lower for scenario 1 (scale of the
color bar in Figure 3), compared to scenario 3 since the former involves synthetic data and the analytical simulator has
a simpler loss surface without stochasticity. The approximated assignment matrix, in this case, is the same as the true
assignment matrix, which is static. In scenario 1, we see that the points are initially probed randomly over the speci�ed
space of parameters during exploration, followed by a focused search based on the acquisition function. For scenario
1, we �nd that values ofc anda in the ranges of (1e-2, 1e0) and (1e-6, 1e-4) are e�ective.

For scenario 3, the loss region is noisy due to errors from real data and analytical approximation of the assignment
matrix in place of the actual simulator. This is why parameter combinations do not have a clear boundary of lower
error and errors are also high. This stochasticity can be addressed by increasing the number of output averaging and
SPSA replications at the cost of additional computation. Still, a fuzzy pattern is evident forc anda in the range of
(1e0, 1e1) and (1e-5, 1e-4), where small errors are predominant. Thus, we conclude that automatic tuning of the SPSA
parameters using an analytical approximation of the simulator is e�ective since these values reduce the most error.
With these insights, the following scenarios 2 and 3 are instrumented with the above settings of the automatic tuning
module.

6.2. Scenario 1: Synthetic data with analytical assignment
We show the results of the grid-based evaluation for bagging e�ectiveness in Figure 4. At lower levels of ran-

domness (Rx in 30-40%), initial error in demand (X a) and sensor counts (M c) are about the same. At higher levels
of Rx , the initial error inX a (OD parameters) increases. During the initial increase inRx for Rx < 30~, there is a
rapid increase in the error for higher values ofBx , whereas the error increase is gradual for smaller values ofBx . The
gradual error increase continues for higher values ofRx in the case of lowerBx , but the error is stable for higherBx .
For the sensor counts, the initial error stabilizes or even drops with an increase inRx . This is because counts are the
weighted sum of the demand �ows between respective OD zones. Thus, additional randomness in the ODs �ows is
canceled due to weighted summation. There is no strong correlation between the initial error in OD demand �ows and
corresponding counts in this range. Secondly, an increase in randomness cancels out the initial bias in some of the
parameters and thus results in a small drop in the initial count WAPE.

We notice that W-SPSA can minimize the objective function in all cases of bias and randomness. This is because
the sensor counts are used as MOP in the objective function and it is evident that the �nal count error is lower than the
initial count error. Further, the total error computed by equally weighing the error in sensor counts and OD parameters
is also lower. For low values of randomness (Rx), the error is dominated by the factorBx . Results indicate that
algorithm manages to correct even high bias values in OD parameters ifRx is small. This is why the initial and �nal
total error gap is highest for low values ofRx .

The box plots in the middle column (Figure 4) show the WAPE of each individual estimate. The �tness of bagged
OD estimates is consistently lower than the individual estimates in all cases, which supports the e�ectiveness of the
bagging. However, the calibrated estimates are only better than the desired estimates for smaller values ofRx (0-20%)
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in all the ranges ofBx . This observation implies that the algorithm can only move closer to the desired ODsX <

for lower values of theRx . This is because, �rstly, increased randomness in the initial estimates will deteriorate the
structure of the initial demand speci�cation and the quality of the domain speci�cation of the demand parameters. At
high randomness values, the initial point and domain misguide the calibration algorithm to a local optimum which is
even far from the starting point resulting in higher error. Secondly, highRx is not translating to a higher error in sensor
counts due to the cancellation of the random errors. Thus, gradients relying on the sensor counts cannot e�ectively
guide the reach of the desired demand parameters. The conclusion is that desired OD parameters are only recoverable
whenRx is small since, at higher values, the essential structure of theX < in X a starts to disappear. However, the
Bagging approach e�ectively improves the weighted �tness of both the demand and count parameters. Based on these
�ndings, in the black box simulation experiments i.e., scenario 2 and scenario 3, we set the randomness values as
Rx=20%. This randomness value is similar to those used in the existing literature (Antoniou et al., 2016).

Figure 4: Scenario 1: Error at varying levels ofBx and Rx , for a Synthetic scenario with 50 OD zones. TheFinal error
includes equally weighted sensor counts and OD demand estimates.

In Figure 5, we show the OD �tness error contours for single W-SPSA, SPA, and bagged estimates. Due to high
dimensional optimization, �tness error is in�uenced by thousands of demand parameters. The plot shows the condi-
tional error (because it depends on multiple parameters) region with the values of the pair of zones on X and Y-axes.
The columns in this �gure correspond to two levels ofRx : 30% and 90%, both atBx=0.6. Fitness error increases with
the increase inRx . The single estimates are scattered in the region. However, the averaged estimates from SPA and
bagging lie with the region of lower errors than the single W-SPSA estimates. Thus, bagging and SPA help reduce the
variance in the estimates from single W-SPSA estimates.

We compare the performance of bagging and Stochastic Parameter Averaging (SPA) in Figure 6, whereBx=0.6
andRx=30%. Here we report bagged estimates from 20 W-SPSA runs, each for 100 iterations. Further, we also
show the results of multiple SPA runs, each running for 2000 iterations. It is pointed out that function evaluations in
bagging (with 20 di�erent W-SPSA cold restarts, each running for 100 iterations) are equivalent to those in a single
SPA run of 2000 iterations with warm restarts. Thus, the comparison between them is fair. The �nal count WAPE for
individual W-SPSA estimates (column 1 in Figure 6) stops to reduce at 0.05 after a few iterations. On the other hand,
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Figure 5: Contour plots showing the parameter values for selected pair of the zones withBx=0.6, at di�erent values of
the Rx . It can be seen that bagged () or SPA (• ) estimates lie in the lower error region as compared to the single SPSA
iterate ( ). The right column is the zoomed-in version of the plots in the left column. The plot shows the conditional error
region with the selected two OD zone pairs on X and Y-axes

count �tness WAPE for SPA continues to reduce up to a value of more than 0.025. In the SPA loss curve, we see that
each warm restart of the cyclic learning rate pushes the loss curve down faster than before the restart of the learning
rate. Individual estimates achieve an OD �tness WAPE of 0.70, whereas individual SPA achieves a WAPE of about
0.55. We �nd that averaging helps improve the �nal W-SPSA solution, compared to the single solutions from each.
Both bagging and SPA provide better OD estimates than the individual estimate from each W-SPSA run. However,
the averaged estimates from bagging show superior performance with a WAPE of 0.38 compared to the averaged SPA
estimates with a WAPE of 0.49. This implies that even though individual SPA estimates are more e�ective in �tting
the counts and ODs than individual W-SPSA estimates, the averaged estimates of bagging are better than those of
SPA. This could be because SPA prioritizes exploration around the initial local optima. If the initial local optimal is
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Figure 6: Scenario 1: OD and count �tness curves for bagging and stochastic parameter averaging withBx=0.6 and
Rx=30%.

insu�cient, SPA does not explore su�ciently due to over-�tting, and SPA averaging fails to reduce the variance. In
the case of bagging, each estimate is obtained from exploration in a broader region. Thus, averaging the estimates has
a superior result. The results of averaged estimates from bagging are not too sensitive to the momentum parameter� ,
as compared to those from the SPA. In bagging, �ve individual estimates reduce a signi�cant part of the OD �tness
error, whereas, for SPA, the error reduction is gradual. This implies that a small number of cold restarts as in bagging
can give major bene�ts. Due to these reasons, we only used bagging or ensembling with cold restarts for the following
experimentation.

We compare the performance of di�erent components of our methodology for OD parameter �tness and sensor
count �tness in Figure 7. In this case, we setBx = 0:8, test the performance for values ofN x ranging from 10%
to 200%, and show WAPE and RMSE. The approaches compared areBias correction (BC) using naive method, BC
with weighted method, BC with W-SPSA, W-SPSA with bagging, andBC with W-SPSA and bagging. Although a high
randomness factor leads to higher corresponding errors, the problem becomes more challenging since the structure of
the desired estimate is not identi�able from the initial matrix.

We �nd that the performance of the approaches depends on theRx . All approaches with bias correction perform
equally well at low randomness values. This is an interesting �nding since it implies a simple and computationally
inexpensive heuristic can achieve similar or better error performance as the W-SPSA optimization process for small
randomness in the initial OD matrix. AtRx>40%, bagging performs better than the other approaches, speci�cally as
seen fromW-SPSA with bagging. This implies that for OD �tness, the bias-correction heuristic dominates at small
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Figure 7: Scenario 1: OD and count �tness (RMSE and WAPE) sensitivity with the change in the randomness parameter,
with di�erent approaches using an analytical simulator (Bx=0.8)

randomness, whereas bagging dominates at high randomness. For high randomness, initial estimates are unreliable;
thus, averaging multiple estimates helps provide better results. In the case of WAPE, OD �tness ofBC with W-SPSA
without baggingshow high errors than just usingBC. Intuitively, the SPSA model works better when the objective
function has a clear descent direction. This is often the case when the objective function has a lower/ higher demand
with respect to the true demand (Cantelmo et al., 2015). However, as theBC heuristic removes bias related to, e.g.,
overestimation or underestimation, the performance of W-SPSA may be a�ected.

Looking at the �tness for sensor counts, we �nd that W-SPSA outperforms simple heuristics in matching the sensor
counts regarding both WAPE and RMSE. This is understandable sinceBC heuristics only adjust the OD parameters
without ensuring consistency with the true sensor counts. Simple heuristics work equally well if the randomness in
initial estimates is small (20~ < R x < 30~), meaning that initial estimates su�ciently capture the structure of the
true estimates. The normalized total �tness shows that W-SPSA and bagging approaches achieve lower errors than
theBC heuristics even in high randomness. Thus approaches using W-SPSA and bagging are best when ensuring the
overall �tness of the counts and OD demand parameters. To speed up the convergence,BC can be used to adjust the
initial values of the OD parameters, followed by W-SPSA with bagging to ensure consistency with the MOPs, such as
counts.

6.3. Scenario 2: Munich scenario with SUMO simulator and synthetic data
We show the results of the calibration for the Munich scenario using the SUMO platform with synthetic counts

and speeds in Table 3. The �rst set of results corresponds toBx = 0:6 and a relatively smaller factor for randomness
(Rx = 20~ ) and uses only sensor counts or both sensor counts and link speeds in the objective function. We also add
arti�cial randomness to the sensor counts to mirror data errors. We perform an ablation study by using one or more
of the components of our methodology, namely W-SPSA (W), Bias Correction (BC), Automatic SPSA Tuning (A),
and Bagging (B). The initial WAPE errors in count, speed, and OD are 0.42, 0.03, and 0.45, respectively. Similarly,
the initial RMSE errors in count, speed, and OD are 288, 1.71, and 10.80, respectively. We de�nebaselineas the
scenario using sensor counts as MOP, with only W-SPSA, where count �tness WAPE is 0.14. The corresponding
�nal speed and OD WAPE are 0.02 and 0.72, respectively. In this case, although counts and speeds �t better, the
estimated OD is worse than the initial OD values. This is because in the objective function minimization, W-SPSA
can converge to �t better to counts, but it lands in undesired local optima for the OD estimates, which is still away
from the desired optima. Thus, individual estimates from W-SPSA have worse OD �tness due to induced randomness
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Approach Which MOPs Count sensor Final error value
in objective? noise WAPE / RMSE

Count Speed Count Speed OD
Low noise (Bx = 0.6 & N x = 20)

Initial estimate - - - 0.42 / 288.12 0.03 / 1.71 0.45 / 10.80
W1(baseline) Yes No 0 0.14 / 89.34 0.02 / 0.85 0.72 / 19.75

BC Yes No 0 0.10 / 71.15 0.02 / 0.97 0.28 / 08.55
A-W-B Yes No 0 0.10 / 58.34 0.02 / 0.70 0.42 / 11.95

BC-A-W Yes No 0 0.11 / 72.96 0.02 / 1.00 0.63 / 18.81
BC-A-W-B Yes No 0 0.07 / 44.03 0.02 / 0.75 0.35 / 09.44

BC-A-W-B Yes Yes 0 0.11 / 81.75 0.02 / 0.89 0.41 / 11.35
BC-A-W-B Yes Yes 15 0.16 / 124.96 0.02 / 0.61 0.41 / 11.31
BC-A-W-B Yes Yes 30 0.28 / 230.30 0.02 / 0.72 0.46 / 14.41
BC-A-W-B Yes Yes 45 0.39 / 340.48 0.02 / 0.91 0.45 / 13.90

High noise (Bx = 0.6 & N x = 200)
BC Yes No 0 0.17 / 123.12 0.02 / 0.82 1.01 / 27.10

A-W-B Yes No 0 0.16 / 123.75 0.02 / 0.91 0.97 / 27.55
BC-A-W-B Yes No 0 0.14 / 95.15 0.02 / 1.06 1.03 / 30.26

1 W: W-SPSA; BC: Bias-Correction; A: Automatic SPSA tuning; B: Bagging

Table 3
Scenario 2: Results (WAPE and RMSE) of the Munich scenario with synthetic data

in the parameters during the optimization path. When using only BC, the OD �tness, count �tness, and speed WAPE
are 0.28, 0.10, and 0.02, respectively. When using W-SPSA with bagging (A-W-B), we obtain OD �tness of 0.42,
whereas count and speed �tness are 0.10 and 0.02. Thus, we �nd that bagging helps to provide improved count and
OD estimates over initial values as well as Baseline scenarios. In this case, we �nd speed and count �tness comparable
to theBC approach. UsingBC-A-Wprovides better results than the baseline in terms of improvement over count and
OD �tness, but still, the estimated ODs are worse than the initial estimates in terms of WMAPE and RMSE. Adding
Bagging helps to address this variance in the estimated OD parameters since the approachesA-W-BandBC-A-W-B
have superior OD �tness than the baseline scenario. Only the latter approach outperforms theBC approach in terms
of count �tness. This means that at small levels of randomness in the initial estimates, a simple heuristic such asBC
can provide equal or better OD estimates than other approaches. However, we cannot simultaneously minimize �tness
with respect to MOPs. This is why the combination of BC, W-SPSA, and Bagging helps to obtain the estimates while
ensuring optimal �tness with respect to counts and speeds. For the given scenario, speed errors are low in all the cases
and are not sensitive to the count errors/ approach used. This is possible because most of the network is uncongested.
Therefore, they add little value to the calibration process.

When we add randomness to the sensor counts, we expect a reduction in �tness to the OD counts since the signal-to-
noise ratio of the gradients from MOPs reduces. Therefore, for di�erent sensor noise levels, we see a gradual reduction
of OD �tness. Thus, the quality of sensor counts has important implications for the �tness of the OD parameters.
Another �nding is that in our experiments, using speeds in MOPs leads to higher errors in estimates as compared
to using only counts in the MOPs. Since speed error is already low, they do not provide additional signals to the
calibration process. W-SPSA essentially decomposes the original problem into multiple smaller sub-SPSA problems.
By inclusion of speeds in the objective function, the number of MOPs increase, and due to the non-linear dependence
between speeds and OD �ows, the complexity of sub-SPSA problems also increase, leading to a drop in the accuracy
of the estimates. However, speeds can provide additional context for better convergence in cases where the network
is signi�cantly congested. We suppose that the trade-o� between additional context from speed data and complexity
depends on the level and spread of congestion/ spill-back in the network and could be a matter of future research.

Then we set the OD randomness value to a high value (N x = 200~) to simulate situations where the initial
demand estimates are of poor quality and, thus, the essential structure of the demand is lost. In the existing literature,
such extreme scenarios are not considered and tested in OD estimation. We observe the adverse e�ect of using the
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