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Abstract

Modeling Adaptive Cruise Control (ACC) vehicles enables the un-
derstanding of the impact of these vehicles on traffic flow. In this work,
two online methods are used to provide real time system identification
of ACC enabled vehicles. The first technique is a recursive least squares
(RLS) approach, while the second method solves a nonlinear joint state
and parameter estimation problem via particle filtering (PF).

We provide a parameter identifiability analysis for both methods to
analytically show that the model parameters are not identifiable using
equilibrium driving. The accuracy and computational runtime of the
online methods are compared to a commonly used offline simulation-
based optimization (i.e., batch optimization) approach. The methods
are tested on synthetic data as well as on empirical data collected
directly from a 2019 model year ACC vehicle using data from sensors
that are part of the stock ACC system. The online methods are scalable
and provide comparable accuracy to the batch method. RLS runs in
real time and is two orders of magnitude faster than the batch method
for modest sized (e.g., 15 min) datasets. The particle filter also runs in
real-time, and is also suitable in streaming applications in which the
datasets can grow arbitrarily large.
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1 Introduction

1.1 Motivation and problem statement

The rising penetration rate of Society of Automotive Engineers (SAE) level
one and level two automated vehicles on roadways around the world is cre-
ating new traffic flows that are a combination of human drivers and vehicle
automation systems, yet the behavior of these systems is not well under-
stood. For example, one common feature that is now available on many
vehicles is adaptive cruise control (ACC), which enables the vehicle (instead
of the human driver) to adjust velocity in response to the vehicle ahead.

The design of string stable ACC systems has been an important topic
in the vehicle control community for decades [3,13,16,30,36]. Recently, as
the vehicle systems have transitioned from research to practical deployments
on commercial vehicles, the traffic modeling community is now in need of
good models for how these vehicles behave in practice. Surprisingly, all
commercial systems that have been tested [9,15,18,19,21,33] are shown to
be string unstable and with varying performance characteristics. Being able
to characterize the behavior of the ACC system in real time has implications
for traffic management, where an emerging area of research [6,9,38,41,44]
aims to dampen phantom traffic jams caused by string unstable driving
behavior [34].

These findings highlight the need to accurately model the implications of
deploying ACC vehicles at scale, and motivate our desire for fast and accu-
rate methods to estimate the parameters of the ACC vehicles. In our prior
works investigating the string stability of commercial ACC systems [9, 10],
ACC model parameters are estimated through an offline optimization proce-
dure to best fit recorded data. While accurate and computationally efficient
for small datasets, online methods are desirable for real-time applications
and for computation on large (high frequency, long time duration) datasets.
With the proliferation of in-vehicle (e.g., radar, lidar and GPS) sensing,
it is now possible to develop fast and accurate online estimation routines
which can quickly estimate the parameters of vehicles under adaptive cruise
control.

This article considers the problem of estimating the parameters of adap-
tive cruise controlled vehicles using online algorithms that can sequentially
estimate the parameters when new measurements become available. Two
online methods are used based on recursive least squares (RLS) and parti-
cle filtering (PF), and both are shown to provide accurate estimates. As a
proof of demonstration, we also implement the methods on data collected



from a 2019 stock SUV with ACC, using only data from the vehicle’s existing
on-board sensors.

1.2 Related work

The problem of estimating parameters of automated vehicle models is closely
related to the problem of calibrating models of human driving. Several works
have looked at the car-following estimation problem for human drivers [8,23,
28] using data from the well-known NGSIM dataset. Kesting and Treiber [14]
proposed a methodology to estimate parameters for the Intelligent Driver
Model by minimizing the error between simulated driving trajectories and
measured ones, via the use of a genetic search algorithm in order to account
for non-convexity in the search space. Punzo and Simonelli [29] estimated
optimal parameters for several different car-following models on a four vehi-
cle platoon equipped with GPS tracking units, and used a batch optimization
method in which a gradient-based optimization technique was used starting
from several different initial points, again in order to account for potential
non-convexity. This method (along with ones in [9,10,15,18,21]) is in the
same family of techniques used in this article as a benchmark to compare
the newly presented methods. In general it should be noted that many of
these techniques find parameters of non-linear models, and as such need to
employ optimization techniques that account for this difficulty.

In addition to offline batch calibration methods such as [9, 10, 21, 29],
other works consider probabilistic methods that require only a single pass
through recorded data to identify parameters. Van Hinsberge et al. [37]
use Bayesian analysis to update prior probabilities of the parameters into
posterior probabilities; Hoogendoorn & Hoogendoorn [12] use a generalized
maximum likelihood estimation approach. Other methods for microscopic
model calibration in the presence of automatic and connected vehicles are
summarized in a recent study by Papamichail et al. [27].

An important but less investigated aspect of model calibration is model
parameter identifiability analysis [17,20], which characterizes the possibility
of accurately recovering model parameters from experimental data. Among
them, practical identifiability of car-following models is considered [24,28].
For example, Punzo et al. [28] use variance-based sensitivity analysis to
identify insensitive parameters, which are less likely to converge to the true
values. Monteil & Bouroche [24] introduce procedures for robust param-
eter estimation including global sensitivity analysis, maximum likelihood
estimation and interval estimation. Sensitivity-based identifiability analysis
relies on sampling parameters and calculating the variance of all simulated



trajectories, which limits its scope to offline calibration.

Online parameter estimation, which has the potential to achieve scal-
ability and facilitate real-time applications, would also benefit from model
identifiability analysis for rigorous experimental design. Convergence of car-
following model parameters in estimation is significantly influenced by the
sensitivity of the parameters with respect to the driving behavior captured
by the dataset [26]. Specifically for online filtering methods, proper models
of the system and measurement noises are important to the performance of
the method [2].

1.3 Contributions and outline

The main contribution of this article is the use of online parameter estima-
tion algorithms to solve the problem of recovering adaptive cruise control
parameters, and a corresponding parameter identifiability analysis of the
methods. We use two online estimation algorithms, RLS and PF, that are
fast and scalable for real time system identification of ACC dynamics. We
provide an analysis of the parameter identifiability of both methods to un-
derstand if and when the estimates can be theoretically recovered. This
analysis is important but missing for the batch methods previously applied
to estimate parameters of ACC systems. Finally, we provide numerical and
real world examples illustrating the performance of the methods in con-
trolled numerical simulations, as well as on a modern ACC vehicle. The real
vehicle experiment uses only the onboard CAN bus data, which provides a
novel experimental approach to understand the behavior of ACC vehicles.

The remainder of the paper is organized as follows. Section 2 reviews the
ACC model and outlines the batch optimization method as a benchmark for
parameter estimation. Section 3.1 introduces the online RLS and PF based
estimators, and provides an analysis of the estimators at equilibrium driv-
ing conditions. Section 4 demonstrates the performance of the estimation
routines on synthetically generated (simulated) data, in order to assess the
performance of the methods under controlled settings. Section 5 addresses
the practical performance of the method using data from a real vehicle plat-
form. It presents both the experimental protocol for collecting ACC radar
and speed measurements directly from a 2019 vehicle’s CAN bus, and the
results of parameter estimation on that data. Finally, Section 6 explores
future research directions.



2 Preliminaries

In this section, we briefly review a common model assumed for ACC ve-
hicle dynamics, and then review a standard simulation-based optimization
method to estimate the model parameters used in this work as a benchmark.

2.1 Model description and string stability

With the increasing interest in how vehicles with automated driving sys-
tems [3,13] will affect traffic flow patterns, several works have looked at mod-
eling ACC vehicles using car-following models [9,10,21]. A common varia-
tion of these models is the constant time headway relative velocity (CTH-RV)
model:

o(t) = f(8,5(t),v(t), Av(t)) = a(s(t) — To(t)) + B(Av(t)), (1)

where s, v, and Av are the space gap, velocity, and velocity difference be-
tween the ACC vehicle and a leading vehicle. The vector of model parame-
ters 0 = [o, 3, T]T control the gain on the constant time headway term and
the relative velocity term respectively, while the parameter 7 is the time gap
at equilibrium.

We note that models considering constant time headway and relative ve-
locity terms are regularly used both to design string stable adaptive cruise
control systems, as well as to model the behavior of vehicles under ACC con-
trol [1,16,21,22,42,43]. Compared to other modeling choices, it is observed
that CTH-RV model performs about as well in terms of data fitting real
ACC systems compared to more complex nonlinear models [11]. However,
the model is a simplification of the proprietary control logic and complex
vehicle dynamics of real ACC vehicles, and the quality of fit can drop for
some specialized vehicles (e.g., hybrid vehicles) [9]. To avoid the need to
know the proprietary control logic, we adopt a similar strategy to what is
done for human drivers, namely model the full system as an ordinary differ-
ential equation. For the remainder of this work, we adopt the CTH-RV as
the assumed model of the ACC equipped vehicle.

Given (1), it is easy to check the string stability [40] of the ego (i.e.,
follower) vehicle by evaluating partial derivatives of the model with respect
to s, v, and Av. Following the analysis of [25], if

a?7? + 2aB81 — 20 > 0, (2)



then the model is said to be Lo strict string stable, which is consistent with
the string stability condition provided in [40]. Moreover, if

(ar 4+ B)% — 4a > 0, (3)

then the model is said to be Lo strict string stable [25]. All studies that have
collected empirical data on commercial ACC systems have found them to
be string unstable [9,10,15,21] (in the L9 sense). In Section 5, we illustrate
that the new online methods introduced in this work find that a stock 2019
SUV is neither L9 nor L strict string stable.

Note that although string stability manifests along a platoon of vehicles,
it is a property of the individual vehicle car following behavior [25, 40].
Thus identifying the car-following model parameters of the follower vehicle
is sufficient to analytically prove the string stability of the follower vehicle.
The interpretation of a string stable vehicle is that a homogeneous platoon
consisting of these vehicles will dissipate disturbances rather than amplify
them as the perturbation propagates in through platoon. Since no priori
knowledge of the ACC system string stability is assumed in the experiments,
we do not use string stability as constraints during parameter estimation.

2.2 Offline batch optimization

Here a well known batch technique for car-following parameter estima-
tion [10,29] is reviewed to estimate the parameters of the ordinary differential
equation (ODE) model (1). The parameter estimation problem is posed as
an optimization problem in which the ACC model appears as a constraint.
It can be directly solved as a simulation-based optimization problem using
standard descent-based optimization routines.

The parameter values are optimized to minimize the root mean squared
error (RMSE) between simulated space gap data and recorded space gap
data. The RMSE space gap error is used here because it was found to
perform well in previous works [14,29]. The general form of optimization
problem is written as:

minimize : \/ T f s(t))2dt
subject to:  §(t) = (t) - v( ) Av (4)
0(t) = f(0,s,v, Av),
with possible additional constraints on the initial conditions, and bounds on

the parameters. In (4), (0, s,v, Av) corresponds to the car-following model
in (1). The term u(t) is the lead vehicle velocity as a function of time and



is assumed to be available from measured data. Similarly, s™(¢) denotes the
measured space gap, which is compared to the space gap predicted by the
model in the objective function. The total time of the dataset and simulation
is T

It is important to note that the problem is nonlinear in the decision
variables (the state and model parameters), and depending on the form of
the car-following model, it may also be non-convex. To combat this potential
problem the optimization problem can be solved many times, with each run
starting from randomly selected different initial candidate parameter values,
as in [29].

3 Online parameter estimation techniques

We next introduce two online methods to estimate the adaptive cruise con-
trol model parameters using velocity, space gap, and relative velocity data.

3.1 Recursive least-squares formulation

First we derive a RLS estimator. Unlike (4), the least-squares method pro-
posed here does not require multiple starting points or repeatedly solving
an ODE within each optimization run, substantially reducing the runtime.
We briefly derive the least-squares formulation for the ACC car-following
model (1).

First we rewrite the continuous time ODE (1) in discrete-time using a
forward Euler step scheme:

Vpr1 = Vg + a(sp — 7o) AT + B(ug — vg) AT, (5)

where vy, s and uy, denote the velocity of the follower vehicle, the space gap,
and the velocity of the leading vehicle at timestep k, respectively. The term
AT is the timestep size, which is selected to correspond to the frequency at
which the velocity, space gap, and relative velocity data is measured (e.g.,
on the order of 1/10 of a second for some sensor platforms including the
experiments presented later in this work). The dynamics can be rewritten
as:

Vk+1 = YUk + Y28k + Y3Uk, (6)
with 1 1= (1 — (a7 + B)AT), 72 := (aAT) and 3 := (SAT). Note that
instead of directly estimating the parameters «, 3,7, we can instead esti-

mate y1,vy2,7v3. Except in the degenerate case when 2 = 0, we can always
uniquely determine the values of «, 8, 7 given a set of values for 1, y2, 3.



We now demonstrate that one can recover v := [y1,72,73]" from an
experimental dataset containing (v, sk, uy) for all k € {1, ..., K}, via least-
squares. We expand (6) in time by stacking the uniformly sampled mea-
surements to obtain:

V2 U1 S1 Ui
V3 V2 S9 u9 M
- . . . Y2 (7)
: . : Y3
VK VK-1 SK-1 UK-1
or
Y = X~. (8)

The term Y contains the values of v from timestep 2 to K. The term
X contains measurements of v, si, and ug from timestep 1 to K — 1 in
column-wise order.

Given the data matrices Y and X, « has a unique solution if and only
if rank(X) = rank([X Y]) = 3. Note that this condition is not satisfied
at equilibrium, where v; = v; = uy for all timesteps 7,5 and k. In other
words, using only data from equilibrium driving, it is not possible to recover
the model parameters. In non-equilibrium driving and when sensor noise
is present, it is easy to generate an over determined system of equations,
motivating the search for least squares solution to (7).

To convert the least squares problem into an online method, a recur-
sive implementation is desired. The least squares solution to (7) has an
exact recursive implementation by considering the k™" row of measurements
{Yk, X} one row at a time. The least squares estimate of the parameter
vector at time k using all data collected from timestep 1 through &, denoted
41, can be sequentially updated by:

Y =Yr-1 + PeXi (Y — Y1_1Xk), 9)

where P, ! = Zle X; X! is the cumulative outer product of Xj. Solving (9)
requires an initial estimate of the parameters v, ~ N (%, Py), which are
specified in the numerical experiment in Section 4.

3.2 Online joint state and parameter estimation formulation

The parameter estimation problem can also be framed as an online joint
parameter and state estimation problem, in which model and measurement
noises are explicitly considered. Such methods, if fast enough, may also



be used for real-time processing of data in order to estimate the model
parameters during data collection.

3.2.1 Problem formulation

To jointly estimate the state and model parameters, we consider an aug-
mented state formulation in which the model parameters are added to the
state vector. The model of the evolution of the augmented state is completed
by assuming the parameters are constant in time.

We proceed as follows. First, 8 = [a, 3,7]T, is concatenated to the
physical system state x; € R? = [sg,vx]? to form an augmented state
Ty € RS, This is written as:

xﬁ:[‘;h:[svaﬁr]f. (10)

The discrete time dynamics of the augmented system using the same dis-
cretization approach as (5) can be written as:

o = Fa(@f_1, up-1), (11)

where Fy refers the system dynamics in the augmented state. The non-

linearities in the dynamics appear due to the product of augmented state

variables representing the ACC model parameters and the physical states.
The augmented state dynamics (11) are written as:

Fa(x_1, up-1) =
sp—1 + AT (up—1 — vg—1)
vg—1+ AT [ag—1(8k—1 — Tk—1Vk—1) + Br—1(ug—1 — vg—1)] (12)
Qk—1
Br—1

Tk—1

Additionally, a measurement equation is written to reflect the condition that
the physical states (s, v;) may be directly measured, but we do not measure
the parameters (ag, Sk, Tk):

. [t ooo o],

In (13), y, € R? are the measurements, and C' is the measurement matrix.



3.2.2 Particle filter

Because the augmented state (of the nonlinear augmented system) is to be
estimated, a nonlinear estimator must be considered. Here, we outline an
approach to estimate the augmented state using a PF.

The filter takes in the discrete-time system that considers model and
measurement noises. The state-space form is written as:

:B% = ]:d(m%_huk_l) + wg (14)

Yy, = Cxf + vy,
where wy ~ (0,Q) € R? and vy ~ (0, R) € R? are independent white noise
processes for the model and the measurement equations, respectively, at
time k. Q@ € R>*5 and R € R?*? are the known process and measurement
error covariance matrices.

Recall that the Bayesian state estimation method sequentially approx-
imates the posterior probability density function (PDF) of the augmented
state at step k given past observations, i.e., p(x®|y,.;;). The Bayesian state
estimation method can be summarized into two parts:

1. State propagation: obtain the prior distribution at k:
peflyrs 1) = [ platlate Doty )dat, (05)

2. State update: obtain the posterior distribution at k:

u P(Yrlz)p(xR|Y1.4-1)
p(xg|Y1) = . (16)
RIZ Lk p(yk|y1;k—1)

The particle filter [5,7], among other filtering techniques, is deployed to
approximate the prior and the posterior distributions from equations (15)
and (16) because of its flexibility in noise distribution and its relaxed as-
sumption about the linearity of the (augmented) dynamics of the system.
PF uses weighted particles (samples) to approximate the conditional state
distribution given all measurements up to the current timestep using a se-
quential estimation approach. Therefore, the output is a probability distri-
bution for each parameter at each time step.

A summary of the PF is written in Algorithm 1. During implementation,
it is important to monitor the effective particle size [35] to ensure a valid
estimation result. For more details on the PF implementation, readers are
referred to standard references such as [31].

10



Algorithm 1 Particle filter
Initialize (k = 0)
Draw ¢ particles {wg’(l)}izl:Np from an initial distribution p(xf). Assign

equal weights wéi) = 1/Np, where i = 1,..., N, and N, is the number of
particles.

for k=1...T do

State propagation: '

azZ’(’) = Fd(mﬁzl), up—_1) + 'w,(;) for all i.

State update: . .

Assign weight: wl(;) = w]@lp(yk\(m?(z)) for all i.

Normalize weight: w,(j) = Wz(gi)/25\;p1 wlii) for all 1.
Resample: '
Draw :DZ’(l) with probability wg) for all 3.

end

3.3 Observability analysis

In this section we provide insights on the ability to estimate the ACC model
parameters via an observability analysis. An observable system indicates
theoretically that its initial state can be inferred from observing the outputs.
For parameter estimation in the joint state-parameter form, recovering the
initial state indicates identifying the non-changing parameters. In this work
we consider a special case of parameter observability if the parameters are
considered as constant state variables. This assumption allows us to equate
the notion of observable augmented state to uniquely identifiable parame-
ters given measurements. Given that the augmented state dynamics (14)
are nonlinear, observability must be assessed on a linearized version of the
model. This can only be done at fixed values of the augmented state, and
is explained as below.
First we write the linearized state-space model of the nonlinear discrete-
time system (11):
xp = Ap_1xy_ 1 + Br_1up_1 (17)
Y = C$%,
where Ay, is the Jacobian of Fy defined in (11) with respect to the augmented
state variables at time k, By is the Jacobian with respect to the control
inputs at time k, and C is the time-invariant measurement matrix as defined

11



above in (13). Further, Ay can be written as

2o O
ox oo
1 —AT 0
aAT 1—arAT — AT (s —1v)AT
= 0 0 1
0 0 0
0 0 0 (18)
0 0
(u—v)AT —aAT
0 0 :
1 0
0 1

ax %
mk ,uk

where x$*,u; are the state and input points about which the system is
linearized and By is defined similarly.

We choose to analyze the system observability by computing the above
partial derivatives evaluated at an equilibrium point. The condition for
equilibrium reduces to zero acceleration and space gap change, i.e.:

uk—vk:O (19)
Sk—Tk’Uk:O.

In addition, the system (11) reduces to a linear time invariant system,
and Ay from (18) at equilibrium simplifies to:

1 —AT 00 0
aAT 1—arAT —BAT 0 0 —avAT
A= 0 0 10 0
0 0 0 1 0
0 0 00 1

From here the observability matrix can be calculated using A and C' as
follows:

O =[C, CA, CA%, CA3, CAY]T,

where O is the observability matrix, the rank of which is used to assess
observability.

When analyzed at any equilibrium point, the resulting observability ma-
trix has rank(Q) = 3 # 5, corresponding to a non-observable system. The

12



corresponding null space of the observability matrix is:

(20)

T
null((’))—[o 00 1 0] ,

00100

indicating two unidentifiable parameters, o and 8 at the equilibrium points.
This analysis shows that for the augmented-state estimation problem there is
no guarantee for exact recovery of o and S at equilibrium when using filtering
techniques. The observability matrix derivation in this section is based on
the linearized system around an equilibrium point. Therefore, it does not
provide insight on parameter estimation for non-equilibrium trajectories,
which we will instead explore numerically in the computational experiments
in Section 4 using the PF described next.

4 Estimation On Synthetic Data

In this section, each parameter estimation routine described above is run
on synthetically generated data. This is done to understand the potential
to recover the true model parameters under controlled settings. We show
that all methods produce good estimates under non-equilibrium driving but
have limited ability to recover true parameters under equilibrium driving
conditions, consistent with the discussion from Section 3.

4.1 Setup of synthetic experiments

The general setup is as follows. First, synthetic data is created by selecting
a set of model parameters and a predefined lead driver velocity profile. A
time-series of velocity and space gap data is then created via a forward simu-
lation of (5) under the selected parameters and input signal. The simulated
data is then fed into each estimation method, with each returning a set of
estimated parameter values. The accuracy of the recovered parameters and
the resulting state error of the system trajectory under the recovered pa-
rameters is then compared. The run-time for each method is also reported.

4.1.1 Equilibrium driving

In order to create a set of synthetic measurement data for driving under equi-
librium, we begin by setting the true parameters as: 04y = [0.08,0.12, 1.5]T.
These values are representative of parameter values that have been reported

13



for commercial ACC systems [9]. Additionally, in order to generate a syn-
thetic dataset, the velocity profile of a lead vehicle is needed, along with an
initial space gap, and the initial velocity of the following vehicle.

We generate equilibrium data by setting the velocity of the lead vehicle
at a constant ur = Ujeqq = 24 m/s while the initial space gap and the
initial velocity of the follower satisfy sg = Tyruevo. A total of 900 seconds of
velocity and space gap data is generated at a measurement frequency of 10
Hz. Because the data is generated such that the equilibrium condition (19)
is satisfied, the true parameters o and 8 do not influence the space gap or
velocity of the follower vehicle.

4.1.2 Non-equilibrium driving

We also consider a non-equilibrium driving scenario where the lead vehicle
velocity (the system input) is empirically generated from a human driven
vehicle in real highway driving. Using the empirical input, the ACC velocity
and space gap data are still generated via forward simulation of the ACC
model under the known true parameters. About 900 seconds of lead vehicle
data is collected in which the driver of the vehicle follows the traffic rules but
has variations in speed due interactions with other vehicles on the roadway.
The simulation is initialized at a follower velocity and space gap of 32.5 m/s
and 37.8 m, and the data is again generated at 10 Hz. Figure 1 displays the
lead and follower velocity profiles, and the space gap data.

The true parameters used to generate the synthetic dataset are again
01rue = [0.08,0.12,1.5]7, which is neither Lo (2) nor Lo, (3) strict string
stable. This means the ACC may amplify lead vehicle disturbances. As can
be seen in the simulation data (Figure 1), in several occasions the follower
vehicle slows down more than the leader.

4.2 Parameter estimation results on synthetic data

Using the synthetic data created above, we now turn to the results of each
parameter estimation routine that attempt to recover the true parameters
using only the measurement data. We use the mean absolute error (MAE) in
space gap and velocity to compare the accuracy of each estimation method.
Both RLS and the PF require several algorithm parameters to be set, which
are summarized in Table 1. For the batch method, we sample 100 starting
points for the parameters from uniform distributions described in Table 1.
For RLS, we set the initial coefficient vector v, and its corresponding co-
variance matrix FPy. For the PF, we set the number of particles used in

14



Synthetic Data Creation

Lead Vehicle
Following Vehicle

(98 )
i
!

Velocity [m/s]
(¥%)
o

0 100 200 300 400 500 600 700 800

o
(9]

Synthetic Data Creation

'E‘SS

0 100 200 300 400 500 600 700 800
Time [s]

Figure 1: Synthetic space gap and following vehicle data, generated from an
empirical lead vehicle profile.

the estimator NNV, the initial distribution of the augmented state vector (as-
sumed to follow a normal distribution with mean Pge and covariance Qo),
and the model and measurement covariance matrices ) and R.

4.2.1 Equilibrium driving results

The performance of both online parameter estimators and the batch esti-
mator are summarized in Table 2. The summary includes the estimated
parameters, the corresponding MAE for space gap and velocity, and the run
time.

Compared to the true parameters 6., = [0.08 0.12 1.5]7 all methods
estimate the true 7 accurately, but have larger errors on a and . In the least
squares method, this is due to the fact that the matrix X from (7) has rank
1 (i.e., the columns in X (8) are linearly dependent, since v; = v; = u; = u;
for i,7 € {1,..., K} at equilibrium), and consequently « does not have a
unique solution. In the PF, the lack of observability of the system (17)

15



Method Parameters Values

Batch 0o [4(0,1) 4(0,1) U(1,3)]"
optimization # initial points 100
Least Yo [0.976, 0.01, 0.01]7
squares Py 0.11 é
Particle N, 500 particles
filter Mo [37.8 32.5 0.1 0.1 1.4]7
Qo diag[0.5 0.5 0.2 0.2 0.3]?
Q diag[0.2 0.1 0.01 0.01 0.01]?
R diag[0.2 0.1]?

Table 1: Parameters and initialization for all estimation routines. ¥I5 is the
identity matrix with size 3 x 3.

leads to the the non-convergence of the PDFs in the PF (see Figure 2).
Only 7 converges to the true value, while the distributions of « and § drift
away from the true values over time. Unlike the RLS estimator and the PF,
the batch method does not benefit from additional information about the
true parameters via the prior given at time 0. As a consequence, the errors
on « and [ are largest for the batch method.

The experiments illustrate that for all methods, the parameters are not
identified at equilibrium. This is consistent with the lack of persistent exci-
tation in the input signal [4].

Even though the true o and [ are not recovered correctly, all methods
produce models that have negligible MAE for speed and space gap. This is
again due to the fact that o and 8 do not influence the trajectory of the
ACC vehicle at equilibrium.

Finally, we compare the runtime of each method. The recursive least-
squares approach recovers the parameters in 0.06 seconds, which is the
fastest runtime of the three methods by more than 2 orders of magnitude.
The PF runs in 8 seconds, which is a factor of 100 faster than real time
(recall the dataset is 900 seconds long). Although the total time to execute
the batch method on a 900-second data is only 12 seconds, this is an of-
fline method and cannot be run until all the data has been collected. This
is in contrast to the online methods, which produce new estimates every
time a new measurement is available. All the experiments are performed on
the same MacBook Pro with 2.7 GHz CPU, such that the running time is
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Figure 2: Posterior parameter PDFs for equilibrium driving dataset from
PF estimates. The plot shows that parameter a and [ are not identified
correctly, i.e., the distributions drift away from the true values (black vertical
lines) over time. Only the distribution of 7 converges to the true value.

comparable.

4.2.2 Non-equilibrium driving results

We now turn to the performance of the methods on the synthetic dataset
generated from the ACC model when fed empirically collected non-equilibrium
lead vehicle driving data. The results of each method are summarized in
Table 3.

Both the batch method and the RLS estimator recover the true model
parameters used to generate the data. The PF performs worse but the
estimates improve over time (Figure 3). When simulating with the mean
values of the PF parameter estimates, the calibrated model has an MAE of
0.32 m/s in velocity and 2.54 m in the space gap. Given that the PF assumes
both a model and measurement noise, it is not surprising that it does not
perfectly recover the true parameters (since the model and measurement
in fact have zero error in this synthetic example). We note the runtime
for the two online methods again outperforms the batch method, and are
significantly faster than real time.

Table 3 also shows the string stability estimate based on the recovered
parameters using each method. Because the value of the parameters are used
to determine the model string stability, it is important to know if errors in
the estimates are large enough to change the string stability estimate. In
this experiment, we find that all models under the estimated parameters are
string unstable, as is the case with the true model parameters.
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Criteria Batch optimization RLS PF

Estimated a =834 a=0.0965 o =0.065
parameter 68 ="17.30 68 =0.0976 [ =0.604
values T =1.50 7 =1.50 T =1.50
Algorithm Offline Online Online
Running time (s) 12.44 0.06 8.45
MAE space gap (m) 0.00 0.00 0.14
MAE velocity (m/s) 0.00 0.00 0.00

Table 2: Performance on synthetic equilibrium data. True parameters are:
Qtprye — 008, Btrue = 0.12, Ttrue — 1.5.
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Figure 3: Posterior parameter PDFs for non-equilibrium driving dataset
from PF estimates.

Additional numerical experiments can be found in [39], which explores
the RLS performance in the presence of measurement noise, looking both
at the real noise expected from the stock sensors as well as the sensitivity
of the estimator to a range of noises. We find that the method can tolerate
the noise levels present on the commercial vehicle platforms.

5 Case study on a 2019 ACC equipped vehicle

We now present a case study in which all methods are used to estimate the
model parameters using data collected from a 2019 ACC equipped vehicle.
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Criteria Batch optimization RLS PF

Estimated a = 0.08 a=0.08 «a=0.04

parameter 8 =0.12 =012 [=0.21

values T=15 T=15 71=141

Algorithm Offline Online Online
Running time (s) 11.27 0.06 8.43
MAE space gap (m) 0.00 0.00 2.54
MAE velocity (m/s) 0.00 0.00 0.32
Lo strict string stable No No No
L strict string stable No No No

Table 3: Performance on synthetic nonequilibrium data: True parameters
are: Qe = 0.08, Brrye = 0.12, T4rye = 1.5. The reported parameter values
are the maximum a posteriori (MAP) estimates of the last timestep (at 900
s), which can be slightly different from the estimates of the earlier timesteps.

5.1 Experimental details

We first describe the velocity and space gap data collection using measure-
ments from the stock radar system of an ACC-equipped vehicle. We compare
the measurements collected from the ACC vehicle CAN bus to measurements
collected using those from the GPS devices mounted on the ACC vehicle and
its leader during the experimental data collection.

To set up the experiment, we create a two-vehicle system in which an
ACC-equipped vehicle follows an instrumented lead vehicle driven by a hu-
man in real freeway driving conditions. The vehicle used in this experiment
is a commercially available 2019 SUV with a full velocity range adaptive
cruise control system (Fig. 4, left). A total of 15 minutes (900 seconds) of
data are recorded at 10 Hz in which the ACC vehicle follows the lead vehicle
through traffic on a freeway in Nashville, TN.

The driver of the lead vehicle is instructed to drive as they would nor-
mally in traffic, while the ACC equipped vehicle follows with ACC engaged.
The entire experiment is conducted without any ACC de-activations or over-
rides, and no cars cut in between the leader and the ACC follower.

Velocity, lead vehicle velocity, and space gap data is collected by record-
ing measurements from the CAN bus on the vehicle. The radar unit reports
the latitudinal and longitudinal distance to objects in front of the vehicle
(Figure 4, right), from which the space gap between the two vehicles can
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Figure 4: Left: The 2019 ACC equipped stock SUV used in the experiment.
Right: relative position data collected from the CAN bus of the vehicle
within a duration of 15 min drive. Each point corresponds to the latitudinal
and longitudinal distance to an object detected by the stock radar sensor
and reported on the CAN bus. Colors correspond to distinct objects.

be computed. It also reports the relative velocity of objects in the field of
view of the sensor. Since the ACC vehicle velocity is also published to the
CAN bus, the lead vehicle velocity can be determined from the radar data.
With straightforward processing of the radar data, it is possible to convert
into velocity data of the leader and follower, and space gap, as shown in
Figure 5.

5.2 CAN bus velocity and space gap data validation

In order to assess the accuracy of the stock vehicle radar unit, both vehicles
are additionally equipped with sub-meter accurate GPS units which track
global position and velocity. The devices are the same units used for primary
data collection in our previous work [9,10,32]. The time-series of space gap
and velocity are recorded from both GPS devices and the radar unit on the
ACC vehicle and compared.

A histogram of the differences between the two measurement techniques
is displayed in Figure 6. The distribution of differences between radar space
gap measurements and GPS space gap measurements is approximately zero-
centered, as are the relative velocity differences. The sensors do not appear
to be biased. The standard deviations of the differences between the mea-
surement devices is 0.72 m and 0.20 m/s for the space gap and relative
velocity respectively, suggesting the sensor noises are also low.
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Figure 5: CAN bus measurement of an ACC-enabled vehicle following a
human-driven vehicle.

As a further check, we briefly note that all estimation methods described
next were run on data collected from the GPS devices as well as on the data
from the radar unit as logged on the CAN bus. In all cases the estimated
parameters are similar across the two sensor platforms. We conclude that
the on-board radar measurements reported on the CAN bus are comparable
to the GPS devices.

The fact that the space gap, velocity, and relative velocity data can be
collected directly from the CAN bus significantly simplifies experimental
data collection. Compared to our earlier work that required instrumenting
two vehicles, the approach here can be applied using only a single vehicle (the
ACC equipped vehicle). Eventually this may allow improved data collection
from ACC vehicles in increasingly realistic settings, such as under cut-ins
and lane changing.
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Figure 6: Histogram of the difference between GPS measurements and CAN
bus measurements for space gap and relative velocity measurements.

5.3 Parameter estimation results on a 2019 ACC vehicle

With the CAN bus data validated, we now turn to the parameter estimation
problem applied to the vehicle. The data contains non-equilibrium driving
data, which is used to estimate the parameters using each method. We
follow the same setup as the synthetic data experiments, with the notable
exception that the true parameters of the ACC vehicle are unknown. The
MAE between the measured space gap and the space gap under the esti-
mated parameters is reported. Similarly, the MAE of the velocity is used to
assess the quality of the estimated parameters. The string stability of the
calibrated model under the parameters estimated by each method is also
determined.

These results are summarized in Table 4. All methods produce param-
eters that fit the data well, with some differences in the actual parameter
values. A simulation using the estimated parameters from each method
is shown in Figure 7. All methods have nearly identical velocity profiles,
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Criteria Batch optimization RLS PF

Estimated a = 0.0227 a=0.0174 «o=0.0431

parameter 5=0.194 5=0.164 (B =0.164

values T =1.227 T=1127 7=1.221

Algorithm Offline Online Online

Running time (s) 11.98 0.06 8.70
MAE space gap (m) 2.02 2.24 2.60
MAE velocity (m/s) 0.24 0.26 0.35
Lo strict string stable No No No
Lo strict string stable No No No

Table 4: Performance summary of all estimation methods on ACC data.
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Figure 7: Comparison between recorded vehicle velocity and space gap vs
simulated for each model found.
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with slight differences in the space gap profiles. The batch optimization
achieves both the lowest MAE velocity and space gap errors at 0.24 m/s
and 2.02 m. This represents errors of 0.8% in velocity and 5.0% in space
gap. The least-squares method has a comparable performance, with MAE
values of 0.26 m/s and 2.24 m (0.87% in velocity and 5.6% in space gap).
Finally, the PF estimated parameters produce slightly higher MAEs of 0.35
m/s and 2.60 m, which correspond to percent errors of 1.2% in velocity and
6.5% in space gap. Overall, the MAEs are comparable and low both in ab-
solute values and in percent. Moreover, the models are similar in scale to
those found in other works [9, 21].

We explore the errors in more detail. The largest error between the
measured data and the ACC model run with estimated parameters occurs
between roughly 325 seconds and and 375 seconds, in which the real ACC
vehicle engages in an acceleration that is not captured by any of the cali-
brated models. This underscores that while each calibrated model produces
a good overall reconstruction of the ACC vehicle, none are able to perfectly
describe the complex nonlinear vehicle dynamics controlled by a proprietary
ACC system.

The histograms of the errors are shown in Figure 8 and 9. The average
velocity and space gap error of both online methods is relatively similar to
that of the batch method. All three methods return a model that has an
average velocity error of within 0.01 m/s and similar standard deviations.
Both the online methods produce the average space gap errors that are
slightly more biased than the batch method, and standard deviations within
4 m. These MAE values are of the same order as is reported in other works [9,
10,21]. Given that both the online methods have similar average velocity
and space gap errors compared to the batch methods and the estimated
models fit the recorded data relatively well, this suggests that both the RLS
and the PF are viable online methods for learning ACC model parameters.

With the estimated parameters from each of the methods, we check
the string stability of the vehicle under ACC control. Like all previous
studies considering commercial ACC systems [9, 10, 15, 21|, we find that
the calibrated model of the vehicle tested in this work is neither £5 or L
strict string stable. The results are consistent across the different calibration
methods, as summarized in Table 4.

With respect to the runtime, the recursive least-squares method is again
the fastest, with a total computation time of 0.06 seconds to process the 15
minute dataset. The PF executes in 8.7 seconds, while the batch optimiza-
tion method runs in 11.98 seconds. The runtime of the batch method is
sensitive to the initial guess and the number of parameters to be estimated.
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Figure 8: velocity error distribution for each calibrated model.

The online methods have a distinct advantage in real-time applications,
since they produce new estimates of the parameters as new data becomes
incrementally available, and they can scale to arbitrarily long datasets.

6 Conclusion

This work uses two online methods to estimate parameters of vehicles under
control of a stock ACC system, and provides a corresponding parameter
identifiability analysis for the estimators. The online methods used here
are scalable and suitable for real time implementations, and produce com-
parable results to an offline batch optimization method. All methods are
tested on a 2019 vehicle with ACC using sensor data from the stock vehicle
platform as reported on the CAN bus. All methods indicate the vehicle
ACC system is string unstable, adding to the findings of eight other ACC
systems as reported in [9,10]. We further intend to exploit the experimental
platform used in this work, which allows critical velocity and space gap data
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Figure 9: space gap error distribution for each calibrated model.

to be recorded directly from the CAN bus of the vehicle. Such data could
be valuable for a variety of experimental settings in which humans and au-
tomation systems interact in mixed traffic. We envision in our own work
to generalize the application of the online system identification methods to
study human driving behavior, using vehicles equipped with stock sensors
similar to the ACC vehicle used in this work. As humans or automated
vehicles may change driving behaviors depending on traffic conditions or
environmental factors, it is important to apply online system identification
algorithms to capture such behavioral changes characterized by the model
parameters.
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