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Abstract—This paper presents hybrid Minimum Mean
Squared Error-based estimators for wireless sensor networks
with time-varying communication-bandwidth constraints, focus-
ing on the particular application of multi-robot Cooperative
Localization. When sensor nodes (e.g., robots) communicate
only a quantized version of their analog measurements to the
team, our proposed hybrid filters enable robots to process all
available information, i.e., local analog measurements (recorded
by its own sensors) as well as remote quantized measurements
(collected and communicated by other sensors). Moreover, these
filters are resource-aware and can utilize additional band-
width, whenever available, to maximize estimation accuracy.
Specifically, in this paper, we present two filters, the Hybrid
Batch-Quantized Kalman filter (H-BQKF) and the Hybrid
Iteratively-Quantized Kalman filter (H-IQKF), that can process
local analog measurements along with remote measurements
quantized to any number of bits. We test our proposed filters
in simulations and experimentally, and demonstrate that they
achieve performance comparable to the standard Kalman filter.

I. INTRODUCTION AND RELATED WORK

In wireless sensor (robot) network (WSN) applications
(e.g., target tracking and environmental monitoring), sensors
typically estimate a quantity of interest, using noisy measure-
ments from all sensor nodes. Since the sensor nodes are spa-
tially distributed, each node generally has to communicate its
local information to the team, either as estimate-covariance
pairs or as raw measurements [1], incurring substantial
communication overhead. Therefore, for WSNs deployed in
(i) environments with inherent communication limitations or
(ii) applications with power/battery restrictions, it becomes
necessary to develop decentralized estimation algorithms that
can trade communication bandwidth-availability for estima-
tion accuracy. While bandwidth constraints exist in many
WSN applications, this work focuses on the representative
application of Cooperative Localization (CL).

In GPS-denied environments (e.g., space or indoors), CL
is used for accurate multi-robot localization, i.e., precisely
estimating the robots’ poses (position and orientation). In
CL, communicating robots equipped with proprioceptive
(e.g., wheel encoders) and exteroceptive (e.g., cameras)
sensors use their individual motion measurements (e.g., lin-
ear/rotational velocity) and robot-to-robot relative measure-
ments (e.g., distance/bearing) to jointly estimate their poses,
resulting in increased accuracy for the entire team [2].
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Representative works for bandwith-constrained CL in-
clude the extended Kalman filter (EKF)-based approaches
of [3], [4], and [5], where based on a suitable selec-
tion/optimality criterion, the robots select and transmit their
most informative analog measurements'. Similarly, Maxi-
mum A Posterior (MAP) estimator-based approaches for CL,
where the robots only periodically exchange local informa-
tion, are presented in [6], [7]. However, in contrast to these
approaches, which assume that robots can communicate
all or a subset of their analog measurements, the work
presented in this paper focuses on applications with strin-
gent communication bandwidth constraints, where robots
can communicate only a few bits per analog measurement.
Therefore, each robot has to perform lossy quantization of
its analog measurements before communicating them to the
team. Moreover, the existing estimators such as the EKF and
MAP, designed for processing only analog measurements,
have to be modified to handle the quantized measurements.

Estimation with quantized observations has been well-
studied in the signal processing community for WSNs. While
there exists a large body of work on parameter estimation
(either deterministic [8], [9], [10] or random variable [11],
[12], [13]), we will focus on approaches that were developed
to estimate random processes, as is the case in CL. The
Sign-of-Innovation Kalman filter (SOI-KF) [14], has been
proposed for estimating stochastic dynamic processes, where
the measurement innovation2, instead of the actual analog
measurement, is quantized to a single bit. Developed for
linear and Gaussian process and measurement models, the
SOI-KF approximates the posterior probability density func-
tion (pdf) by a Gaussian® after each measurement update,
resulting in a recursive state/covariance update structure very
similar to that of the standard Kalman filter [15]. When
additional bits are available for quantization, the SOI-KF
approach has been extended in [16] to the batch-quantized
KF (BQKF) and the iteratively-quantized KF (IQKF), where
performance comparable to the standard KF can be achieved
by communicating only 4 bits per analog measurement. An
extension to quantized batch MAP estimation, that improves
estimation accuracy when using nonlinear process and mea-
surement models, is presented in [17].

ISensors sample a process and provide a measurement which is often
represented in digital form using 32 or 64 bit floating-point number
representation. We refer to such measurements as analog.

ZMeasurement innovation is the difference between the actual and the
estimated (by the filter) measurement.

3Note that due to the nonlinearity of the quantization operation, the
posterior pdf is not, in general, a Gaussian.
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The main drawback of these quantized estimation
schemes, however, is that they prohibit the robots from uti-
lizing all locally-available measurement information. Specif-
ically, to ensure estimation consistency, each robot is com-
pelled to use only quantized versions of its own local, analog
measurements. Thus, valuable information, that can be used
to improve localization accuracy, is discarded.

In [18], we introduced a hybrid estimation framework that
addresses this problem by maintaining two local estimators
for each robot (see Fig. 1): (i) a quantized Q-estimator pro-
cessing quantized measurements from all robots, including
itself, and (ii) a hybrid H-estimator processing its own analog
measurements along with the quantized measurements from
other robots in the team. The H-estimator in [18] is designed
for the special/restrictive scenario when robots communicate
only a single bit per analog measurement.

In practice, however, the communication bandwidth avail-
able for CL is often time-varying, and depends upon the
resource requirements of higher-level tasks and the robots’
battery life. Therefore, in this work, our objective is to
efficiently utilize additional bandwidth, whenever available,
to maximize localization accuracy. To achieve this, in this
paper, we derive H-estimators that can handle the general
case of time-varying communication-bandwidth availability,
i.e., when robots in the team can communicate f > 1 bits, per
analog measurement. Specifically, we develop H-estimators
(see Section III) for two quantization scenarios: (i) Batch
quantization: where the bandwidth availability is known
beforehand, and (ii) Iterative quantization: where additional
bandwidth becomes available on-the-fly. For both these
scenarios, we derive Minimum Mean Squared Error-based
(MMSE) H-estimators (H-BQKF and H-IQKEF, respectively)
that are capable of processing local analog measurements
along with multiple bits per remote analog measurement.
Lastly, in Section IV, we present extensive simulation and
experimental results that study the performance and accuracy
of the proposed H-estimators.

II. PROBLEM FORMULATION

The proposed hybrid MMSE-based estimators are de-
signed for WSNs where (i) the process and measurement
models are shared a priori by all sensor nodes, and (ii) each
sensor node can communicate with the network at every time
step. While we now proceed with the specific application of
CL, we note that the proposed estimators are general and can
be used for any static/mobile sensor network applications that
satisfy the above assumptions.

For CL, the problem setup consists of a team of /N robots
performing multi-centralized CL (MC-CL) in 2D. In MC-
CL, each robot broadcasts all its measurements and every
robot locally processes measurements from the entire team
to estimate the robots’ joint state. The robot team uses a
statistical motion model (e.g., constant-velocity model [19]),
driven by system noise, as the process model:

xp =Fpo1xp-1 + Gro1wi—1, X0 ~ N (Xinit, Po) (1)

where, wj is the zero-mean, white, Gaussian, and un-
correlated system noise at time-step k with covariance

T 5T T
E [WleT} = (Slek. Here, Xk : [Xllc ,Xi EER ,X{CV ]T,
is the joint-state of the team and x§, = [z%,yi,¢t]7, is the

state (position and orientation) of robot ¢ at time-step k.

Robot i obtains M} scalar, analog measurements (propri-
oceptive and exteroceptive) at time-step k. The measurement
model for robot 4, ¢ = 1,..., N, is:

2o = Dl Xp + Vhy, m=1,... M} )

where v,im is zero-mean, white, Gaussian, and uncorre-
lated measurement noise with E[v}, v} | = 5kly7,m(7};n and
Elvi, vl ] =0, Vj # i, j =1,...,N. Here, the linear
models (1)-(2) are used only for mathematical derivations. In
real-world scenarios with nonlinear models (see Section IV),
the corresponding linearized system models are used. Also,
to simplify the notation in the paper, we will assume that each
robot ¢ obtains only a single, scalar, analog measurement,
2y, at time-step k. The generalization to M} measurements
is straightforward.

In the absence of communication-bandwidth constraints,
the robots broadcast their analog measurements to the team.
Then each robot uses the standard KF [15] to obtain the
Minimum Mean Squared Error (MMSE) estimates of all
robots’ poses at time-step k, given all analog measurements,
)Tv R (Z(I)\:/k)T]T
and z, = [2},...,2}] ,i=1,...,N. On the contrary, in
the bandwidth-limited scenario, each robot can communicate
only f > 1 bits per analog measurement. Therefore, robot ¢
quantizes its analog measurement, z;, € R, to b}, € B,
B := {1,...,27} using the following quantization rule
before broadcasting it:

2.k, up to time-step k. Here, zo.x, = [(2{.},

bi = q[zL], where q: R — B. (3)
Next, each robot uses a quantized filter, such as the BQKF
or the IQKF [16], to generate MMSE estimates (under
Gaussian assumption*) for the robots’ poses using all quan-
tized measurements, bg.;, up to time-step k. However, the
quantization rules used by these filters depend upon the
robots’ pose estimates, via the measurement innovation,
and thus all robots have to maintain identical filters to
ensure estimation consistency. Therefore, even though each
robot ¢ has access to its own analog measurements, z ., it
is forced to discard this information and process only the
corresponding quantized measurements, bf) ;.

III. HYBRID ESTIMATION FRAMEWORK

In order to address this problem, we introduced a novel
hybrid estimation framework in [18] that enables each
robot to process all available measurement information,
i.e., local analog and remote quantized measurements. To
achieve this, each robot ¢ maintains two estimators (see

It is important to note that this loss of Gaussianity in the IQKF and
BQKEF is due to the non-linearity of the quantization step as opposed to the
non-linearity of the process and measurement models in the EKF.
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Fig. 1. Hybrid Estimation framework. When ¢¢ := E[z} |bg.x_1] and we
use the quantization rule in (4), the H- and Q-estimators correspond to the
H-BQKF and BQKF, respectively. When 1} := E[z{ |bg.,_1, bz(l:pfl)]
and we use the quantization rule in (8), the H- and Q-estimators correspond
to the H-IQKF and IQKEF, respectively, i = 1, 2.

Fig. 1): (1) a quantized Q-estimator that processes quan-
tized measurements from all robots including itself, i.e.,
ﬁg‘k = E[xx|bd% bi,], and (2) a hybrid H-estimator
that processes its own analog measurements and quantized
measurements from the other robots in the team, i.e., f(kH"k =
E[xﬂb%fj, z}.,), ¢ =1,...,N. The estimates generated by
the Q-estimator are identical for all robots since each robot
processes the same measurements, bg.;, = bgii,bf):k}.
Therefore, they are used in the hybrid estimation framework
for generating quantization thresholds for all robots as shown
in the next section. On the contrary, the estimates generated
by the H-estimator are different for each robot, since each
robot processes a different set of quantized and analog
measurements.

In the next section, we derive MMSE (under Gaus-
sian assumption) H-estimators that process: (i) local ana-
log measurements, and (ii) multiple bits (f > 1), per
analog measurement, communicated by other robots in the
team. Specifically, we derive: (1) the H-BQKF for batch
quantization, where the bandwidth availability (f bits per
analog measurement) is known a priori, and (2) H-IQKF for
iterative quantization, when additional bandwidth becomes
available on-the-fly.

A. Batch Quantization

1) Encoding rule (Quantizer design): Since robot j is pre-
informed about the availability of f > 1 bits for communi-
cating its analog measurement z;, € IR, robot j partitions the
observation space R into 27 intervals. The interval R7(n) :=
[TZ (n), TIZ (n+1)), where T’z (n) are the quantization thresh-
olds, n € B:={1,...,2/}, 7/ (1) = —o0, 7 (2f +1) = 0,
and 7} (n) < 7{ (n+1). The quantization rule, which is based
on the measurement innovation, has the form® [16]:

b = n, iff (2] — Blz][bos—1, b)) € [ (n), 7(n + 1)) @)

SWe assume a round-robin scheduling algorithm where the quantized
measurements are generated and processed sequentially, based on robot ids.
Therefore, robot 7 generates and communicates its quantized measurement,
b?« before robot (¢ 4+ 1). Moreover, all robots in the team process bi to

obtain fclek ;» before robot (i + 1) generates its quantized measurement.

where, bg.x—1 denotes the quantized measurements from
all robots up to time-step k& — 1, and b} denotes the
quantized measurements from robot m, m =1,...,(j — 1),
at time-step k. From (%), the predicted measurement is
E[zi|bo:k_1,bm =: hi )A(lekJ_l. Note that robot j uses
the Q-estimator’s predicted measurement, that is identical
for all robots, for generating the quantized measurements.
This allows other robots to correctly process/decode the
quantized measurement. Robot j does not use the predicted
measurement of its H-estimator, £/ [zi|bg7,ij_ Lbz ] g =
1,..., N, since it depends upon its local analog measure-
ments, z{): » wWhich are unavailable to the other robots.

2) Decoding rule (Estimator design): For the batch quan-
tization rule from (4), we now derive the resulting MMSE-
based Q- and H-estimators. Note that the Q-estimator, by
definition, is identical to the BQKF in [16] and is not
presented here due to space constraints. The H-estimator,
H-BQKE, is obtained as follows.

Proposition 1: H-estimator (H-BOKF)

Consider the linear model of (1)-(2) and the quantiza-
tion rule in (4). If robot ¢ assumes the posterior pdf

P [Xk—1|bgﬁcl—hz(l):k71} ~ N (&kHil\k—17PkHil|k—1>’ then
the state/covariance propagation equations from time-step
k—1 to k are identical to the KF. If robot ¢, assumes the prior
pdf p LXkbgil_prm?Zé;k_l} ~N ()A(kHﬁc,jfl’PkH\%,jfl)’
then the MMSE estimator for robot ¢ processing its own
analog measurement, z,@ is identical to the KF.

For the MMSE estimator processing the quantized mea-
surement b, from robot j, j # i, the state/covariance update
equations are given by

o, P, hi
ka‘;c’j = XkH|lk,j—1 + am,(n) — H‘ J : — ®)
VBl P, bl ol
. T
| | Pl i PO
Py =P — Bui(n) hjl'T’iDHi hl +| T ©
kT klkj—1% T %%
where
) 1 exp [_A%Ii (n)/2] — exp [—qui (n+ 1)/2]
T e Q[Am ()] — Q[Am, (n + 1)]
1
Br;(n) = afy, (n) — NG

Ap, (n)exp [—A?{L(n)/Q] — Ap, (n+ 1)exp [—A?{i(n —+ 1)/2]

X
Q [AHi (n)] -Q [AHi (n+ 1)]
j T (g Hi <@
A, (n) = (i (n) — hy, (Xk\k,j—l - Xk\k,j—l))
; o,

o, = hiTPkH‘Z’jilhi +ol and 0< By, (n) < 1.
Proof: See Appendix. |
3) Quantization thresholds: We now discuss the selection
of optimal quantization thresholds, 77 (n), n = 2,...,27,

for the batch quantized hybrid estimation framework. For
the team to optimally and correctly process quantized mea-
surements received from robot j, robot j’s quantization
thresholds should be known to the team. Therefore, we
choose robot j’s thresholds so as to maximize the average
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reduction in the covariance of the Q-estimator, BQKEF. Since
the Q-estimator is identical for all robots, every robot in the
team can locally calculate the quantization thresholds used
by robot j. Thus, the threshold selection is an optimization
problem of the form (see [16] for details):

{A*( )}n 2 ‘= arg max
{Aq(m¥2L

where (go(n) is a term, similar to Sg,(n) in (6), that
appears in the covariance update equation of the BQKF
(see [20] for detailed expression), and the expectation is
with respect to the Pr{b)|bg.x—1,b}"}. Maximizing the
average covariance reduction of the BQKF is equivalent to
maximizing the expected value of Bg(n). Moreover, the
optimization problem in (7 is eqlrnvalent to quantizing the

E[ﬂQ(n)lbo:k—r, byl (D)

measurement innovation, zk hj k‘ kj—1° with minimum
MSE distortion [16]. The solutlon to (7) is the well-known
Lloyd-Max quantizer and the corresponding values for the
optimal quantization thresholds can be found in [21], [22].

Before proceeding, we make the following important ob-

servations about the proposed H-BQKF:

1) As seen from Proposition 1, even though robot ¢
cannot communicate its analog measurement, z}, to
the team, the H-BQKEF enables it to optimally process
this measurement locally using the KF.

2) Define agy,(n) = aH,i(n)\/hj P]Ijlk] 1hi—|—ai2.
Using this in (5), we see that the structure of the
state update equation, for processing quantized mea-
surements in H-BQKEF, is very similar to that of the
KF [15]. Moreover, as expected, the measurement
innovation in the state update equation of the KF is
approximated by ag,(n) in the H-BQKF.

3) The structure of the covariance update equation
[see (6)] for processing quantized measurements in
the H-BQKF is identical to that of KF, except for the
factor B, (n). Since 0 < Sy, (n) < 1, the covariance
reduction for these estimators will always be less than
that of the KF as measurement information is discarded
during quantization.

4) While processing quantized measurements, the
state/covariance update equations for the H-BQKF
[see (5) and (6)] are a function of the difference

T
between the predicted measurements, h? xHi

E klk,j—1
hJ

xk‘k , of the H-BQKF and BQKF respectively.
Moreover the covariance reduction in (6) increases as
the absolute value of this difference decreases. This
is because the quantized measurements are generated
using the BQKF’s predicted measurement [see (4)].
If the difference between the predicted measurements
of the H-BQKF and BQKEF is large, the quantized
measurement will convey very little information to
the H-BQKEF.

5) By choosing f = 1 and substituting the corresponding
optimal thresholds Tk(].) = —00, Tk(Q) = 0, and
Tk(?)) = oo in Proposition 1, we obtain the special
case of the single bit H-estimator in [18].

and

B. Iterative Quantization

1) Encoding rule (Quantizer design): When additional
communication bandwidth becomes available to the robots
on-the-fly, robot j can now communicate extra bits, one bit
at a time, for the same analog measurement zj. If robot j
has communicated (p — 1) bits, be(Lp_l), p > 1, for the
analog measurement zi, then robot j generates the p-th bit,

bf;(p ), using the following quantization rule

b P ®)

.= sign[z], — E[z]|bo.x_1,

where, bg.;,—1 denotes the quantized bits from all robots up
to time-step k — 1, and b}" denotes the quantized measure-
ments from robot m, m = 1,...,(j—1), at time-step k. The
expected measurement is given by

E[2 b1, b}, bIPY)
= E[hiTXk + vl [bo_1, by, b1 P
=" Efxg|bosx_1, b}, bl 77D
+E[v£|b0k,1, b
=h} %277 4 E[vl lbos—1, b, b7V (9)

Importantly, in the above equation, the term
E[v! b1, b, b7~ 1] £ 0, unless p = 1. If p > 1,
the measurement noise, %’ is no longer independent of the
previous bits, bi(lzp _1), since they were generated using
the noisy analog measurement, zi itself. Therefore, the
MMSE estimates of the noise term are needed to correctly
generate/decode the bits. These estimates can be obtained
by augmenting the state, xi, with the noise term, vi, and
considering the augmented state vector Xy = [x% ,vi]T and
a modified h! = [h7,1]7. With these changes, the process
and measurement models from (1)-(2) can be rewritten
as [16]:

o = o = o 7 > 'Tu
Xp =Fp_1Xp_1+ Gro1Wi—1, 2, =hj %,

where f‘k_l = { Fr1 0 } , ék—l = { G(;Cfl 0 } )

0" 0 1
W1 = [Wg—lvvi]Tv

) o Q1 0
Qi1 := E[wwi_,] = l le i (10)
0 oy,

Thus, every time robot ¢ generates its own iteratively quan-
tized measurements or processes iteratively quantized bits
communicated by other robots, it has to augment its own
state vector with the corresponding measurement noise so
that the noise statistics can be correctly estimated. Then the
quantization process in (8) becomes identical to that of the
sign-of-innovation quantization rule from [14].

2) Decoding rule (Estimator design): For the iterative
quantization rule in (8), we now derive the Q- and H-
estimators. The Q-estimator, by definition, is identical to the
IQKF presented in [16] and is not presented here due to
space constraints. The H-estimator, H-IQKEF, is obtained as
follows.

1421



Proposition 2: H-estimator (H-IQKF)
Consider the linear model of (10) and the quantiza-
tion rule in (8). If robot ¢ assumes the posterior pdf

o qFi i SH; HH;
p[xk_1|b02k71,z6:k71} ~ N<Xk—1|k-—1’P ) the

state/covariance propagation equations are giV]:er_lll‘)ky_l
R an
Pl =F Pl FL + G Qu G (12)
If robot 1 assumes the pdf
D >u<k|bg?lécif17Zé:kflvbz#ivbi(lzpil)] ~
N (f{kH"}fﬁ_l), lu)kH"jc(g_l)) then the MMSE estimator

for robot i processing its own analog measurement, 2, is
identical to the KF.

For the MMSE estimath for robot i, that processes the
quantized measurement, b{f(p ), j # i, from robot j, the
state/covariance update equations are given by

S Hi (p—1) j
C T HH (- D1y "
h] P h;,

SHi(p) _ $Hi(p-1)
iy = Xklk,y T

klk,j
S Hi(p—1) 1 iy " pHi(p—1)
pi:) _ piir-n _ gPries 6% Pup;
klk,j k|k,j fliTpkH‘k(z;*l)fli
where,
el o AexplA%/
\/%Q[—bj(p)A] ’ k \/%Q[—bj(p)A]
k k
vl (SHi(p—1) _ £Q(p—1)
Ao h;, (Xk\k,’; - k\klij )
v T S H; (p—1)1 5
S
Proof: This proof is similar to that of Proposition 1
and is presented in [20]. . L
Note that the first » = 3N elements of iggﬁp ; and )“ckle(’;,)

correspond to the robots’ state estimates, and the top r X r
sub-matrices of lag‘gf ; and IVDkHl}C(?) correspond to their covari-
ance, respectively. Once all bits corresponding to zi have
been processed, the robots can revert to the original state
vector, x;. When processing bits from a new analog mea-
surement, the robots will again augment the state with the
corresponding measurement noise and the above procedure
will be repeated.

From Proposition 2, we see that even though robot ¢ cannot
communicate its analog measurement, z,@ to the team, the
H-IQKF enables it to optimally process this measurement
locally using the KF. Next, note that the structures of the
IQKF and H-IQKF, are strikingly similar to that of the
single-bit SOI-KF [14] and H-SOIKF [18], respectively,
where the analog measurement is quantized to a single bit.
Specifically, as expected, when p = 1, the IQKF and H-
IQKF are identical to SOI-KF and H-SOIKEF, respectively.
Moreover, the structure of the IQKF and H-IQKF is similar
to that of the KF, and as expected, the covariance reduction
of these quantized-innovation filters is smaller than that of
the KF. Lastly, similar to the H-BQKF, when the H-IQKF
processes quantized measurements, the state/covariance up-
date equations are a function of the difference between the

. v i T S H;(p—1 Vit e -1
predicted measurements, h? x P~ and bl £@PD ] of
k k| k Tklk,j

the H-IQKF and IQKF, respectively.

IV. SIMULATIONS AND EXPERIMENT
A. Simulation Results
The simulation set-up consists of a team of two robots
navigating in 2D while performing MC-CL. The continuous-
time dynamics for each robot are given by the constant
velocity motion model [19]:

)'c:f(x)—i—Gc[ e ] (15)

w

where  x = T, Yy, ¢, v, w]T, f(x) =
[vcosg, vsing, w, 0, 0]° and G, = [O2xs3, IQ><2]T
The standard deviation of the continuous-time noise in
the linear, v, and rotational, w, velocity is chosen to
be o, = 0.6325 m/s.v/Hz and o, = 0.4967 rad/s.v/Hz
respectively. Each robot obtains measurements for its linear,
vm, and rotational, w,,, velocity, as well as its distance,
d., and bearing, 6,,, to the other robot. The noise in these
measurements is modeled as zero-mean, white Gaussian
with standard deviation o,,, = 0.07 m/s, o,, = 0.28
rad/s for the linear and rotational velocity measurements,
respectively, and o4, = 0.05 m, gp,, = 0.09 rad for the
corresponding distance and bearing measurements.

In this section, we compare the performance of the pro-
posed H-estimators (process local analog and remote quan-
tized measurements), H-BQKF and H-IQKF, with: (1) the
Q-estimators (process local and remote quantized measure-
ments), BQKF and IQKEF, using 1 —4 bits per remote analog
measurement, and (2) the standard EKF that uses analog
measurements from all robots and hence is our benchmark.

Figures 2, 3 show the root mean squared error (RMSE) in

m

—+— EKF
1.8 BQKF/IQKF(1bit) ]
HBQKF/HIQKF(1bit)
1.6 —+— BQKF(2bit) 1
—o6— HBQKF(2bit)
141 —o— |QKF(2bit)
—2— HIQKF(2bit)

0.8 ]

Position RMSE (m)
T

0.6 ]

0.4 1

0.2 1

0 500 1000 1500 2000 2500 3000
Time-steps (0.05s)

Fig. 2. Comparison of position RMSE for EKF, and 1 — 2 bit H-BQKEF,
H-IQKF, BQKEF, and IQKF.

the position and orientation estimates for these estimators,
averaged over the 2 robots and 100 Monte Carlo trials. For
clarity, we have included only the results for n = 1,2 bits.
Since the estimates generated by the H-estimator are different
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for each robot, the RMSE for the H-estimators, H-BQKF
and H-IQKEF, are also averaged over estimators maintained
by each robot. Table I, presents the results for position and
orientation RMSE, for n = 1,2,4 bits, averaged over the
duration of the simulation run. Moreover, since the 1-bit
iterative- and batch-quantized estimators are identical, Table I
omits the results for the 1-bit iteratively quantized filters.
From Figs. 2, 3, and Table I, we observe that the estimates
generated by the proposed H-estimators, H-BQKF and H-
IQKF, are more accurate that their Q-estimator counterparts,
BQKF and IQKEF, irrespective of the number of quantization
bits (n = {1,2,4}) considered. Specifically, the 1-bit hybrid
filters are 20% more accurate than the 1-bit quantized filters,
while the 2-bit hybrid filters show a performance improve-
ment of 13% over their quantized counterparts. Overall, the
error in the estimates decreases as we increase the number
of quantization bits and by communicating as few as 4 bits
per analog measurement, both the H- and Q-estimators are
able to achieve accuracy very close to that of the analog
EKF. Also, for a fixed number of bits, the performance
of both the batch and iteratively quantized estimators is
comparable. Thus, we conclude that by including their local
analog measurements in the estimation process, without any
additional communication overhead, the robots are able to
substantially improve the estimation accuracy of CL.

B. Experimental Results

Experimental validation was carried out using a team of
four Pioneer-I robots moving in a rectangular arena of 4 m
x 2.5 m for approximately 16 minutes. An overhead camera
is used to obtain the robots’ poses in a global coordinate
frame (ground truth).

The robots move with a constant velocity of 0.1 m/s
while avoiding collisions with the boundaries of the arena
and other robots in the team. The robots obtain linear
and rotational velocity (odometry) measurements, and rel-
ative distance and bearing measurements at a frequency
of 1 Hz. The noise standard deviations of the odometry

TABLE I
SIMULATION RESULTS FOR N = 2 ROBOTS

Pos. RMSE (m) Orient. RMSE (rad)

BQKEF (1 bit): 1.0743 0.1689
H-BQKEF (1 bit): 0.8584 0.1361
BQKEF (2 bit): 0.7203 0.1171
H-BQKEF (2 bit): 0.6199 0.1018
BQKF (4 bit): 0.5515 0.0910
H-BQKEF (4 bit): 0.5337 0.0885
IQKF (2 bit): 0.6932 0.1120
H-IQKF (2 bit): 0.6105 0.0997
IQKF (4 bit): 0.6176 0.1007
H-IQKF (4 bit): 0.5673 0.0934
EKF (analog): 0.5151 0.0858

measurements for the heterogeneous robot team vary from
0.0078 rad/s to 0.02 rad/s for rotational velocity, and from
0.0032 m/s to 0.0059 m/s for linear velocity. The relative
distance and bearing measurements between the robots are
generated synthetically using data from the overhead camera
and adding Gaussian noise with standard deviation oy =
0.05 m for distance and oy = 2 deg for relative bearing.
Table II, presents the position and orientation RMSE for each

TABLE I
EXPERIMENTAL RESULTS FOR THE HYBRID ESTIMATION FRAMEWORK

RMS Position error (m)

Robot 1 Robot 2 Robot 3 Robot 4

BQKEF (1 bit): 1.3643 1.1973 1.2849 1.1794
H-BQKEF (1 bit):  1.0254 0.9358 0.9716 0.9714
BQKEF (2 bit): 0.8654 0.7405 0.8383 0.8752
H-BQKF (2 bit):  0.7516 0.6652 0.7254 0.7542
BQKEF (3 bit): 0.5330 0.4824 0.5168 0.4742
H-BQKF (3 bit):  0.5821 0.5553 0.5665 0.5809
IQKF (2 bit): 0.5990 0.5961 0.5758 0.7062
H-IQKF (2 bit): 0.6023 0.5879 0.5870 0.6637
IQKF (3 bit): 0.6255 0.6187 0.6291 0.7028
H-IQKF (3 bit): 0.5770 0.5547 0.5650 0.5974
EKF (analog): 0.5651 0.5385 0.5239 0.5719

RMS Orientation error (rad)

Robot 1 Robot 2 Robot 3 Robot 4

BQKEF (1 bit): 0.7793 0.7810 0.7777 0.7820
H-BQKEF (1 bit):  0.6331 0.6337 0.6289 0.6345
BQKF (2 bit): 0.6305 0.6314 0.6294 0.6296
H-BQKF (2 bit):  0.5392 0.5402 0.5386 0.5385
BQKEF (3 bit): 0.3182 0.3174 0.3171 0.3176
H-BQKF (3 bit):  0.4064 0.4062 0.4059 0.4058
1QKF (2 bit): 0.4530 0.4549 0.4540 0.4543
H-IQKF (2 bit): 0.4300 0.4316 0.4306 0.4314
IQKF (3 bit): 0.4480 0.4468 0.4461 0.4465
H-IQKF (3 bit): 0.3812 0.3802 0.3795 0.3796
EKF (analog): 0.4055 0.4064 0.4059 0.4060

robot, averaged over all time-steps. For the H-estimators,
these quantities are also averaged across all robot’s H-
estimators. From the RMSE data in the table, we conclude
that the n-bit, n = {1, 2}, H-estimators (H-BQKF and H-
IQKF) outperform the corresponding Q-estimators (BQKF
and IQKF). Thus the H-estimators, by enabling robots to
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include their local analog measurements in the estimation
process, significantly improve the estimation accuracy of
CL. Specifically, the improvement in performance of the H-
estimators over the Q-estimators is more pronounced for the
n = 1, 2 bit scenario, while with n = 3 bits, the performance
of both the Q- and H-estimators is very close to that of
the standard analog EKF. For this particular experiment, we
observe that the RMSE of the 3-bit BQKEF is lower than that
of both the 3-bit H-BQKF and the EKF. Moreover, the RMSE
for the 3-bit H-IQKF is lower than that of the EKF. However,
these results are reported for a single experimental run, and
in general, we would expect the H-estimators to outperform
the corresponding Q-estimators and the EKF to outperform
all the Q- and H-estimators. To study the consistency of these
estimators, the results from the normalized estimation error
squared (NEES) test are available in [20].

V. CONCLUSIONS AND FUTURE WORK

In this paper, we derived two MMSE-based estimators
for the hybrid estimation framework, the H-BQKF and the
H-IQKEF, that can process local analog measurements along
with f > 1 bits per remote analog measurement, in order to
improve the estimation accuracy of CL under time-varying
communication-bandwidth constraints. We tested the perfor-
mance and accuracy of the proposed multi-bit hybrid filters
for the CL application in simulations and experiment and
showed that they outperform the existing multi-bit quantized
filters, BQKF and IQKF. As part of our future work, we plan
to analytically evaluate the performance of the proposed H-
BQKEF and the H-IQKF. Furthermore, we will also rigorously
analyze the effect of packet-loss and communication errors
on the performance of the proposed estimators.

APPENDIX

We now present an outline of the proof for the H-BQKF.
Due to space constraints, additional mathematical details of
the derivation can be found in [20].

Under the Gaussian assumption for
p[Xk—1|bg?z2_17Z6:k—1}’ the
propagation derivations are identical to the standard KF [15].
When robot i processes its own analog measurement z}, the
state/covariance update derivations proceed as follows:

the pdf

state and covariance

E[xk |bg;}iz,17 sz#i7 Zé):k] = /BN ka(xk |bg;}iz,17 bZL#i7 Zé:k)dxk
R

fon(?
= Xk
R3N

(lec ‘Xlw bg?}il—la b;n;tia Zé:k—l)
p(zi b1 b7 2 )

X plxi b by zbs ) ) dxi (16)
In the above equation, p(z} |xx, ba7" 1,b"”"él zh, q) ~
N (hj, Xlwgk) and  p(z4 bl by 7zl )~
N hl k‘,” - hi PkH‘M 1h}f—|—0}C Therefore, all

pdfs in (16) are Gaussian, similar to that of the KF. The
derivation from this point onwards, is identical to that of
the KF and can be found in [15].

To obtain the state/covariance update equations when pro-
cessing quantized measurements received from other robots,
we use the following concept of iterated expectation [23]:

Elg(x)ly € Ri] = EElg(x)[Y]ly € Ri]

where g(x) is a function of the random variable x € R", Y
is a random variable in R, y is its realization, and R; C R.

We define the random variable zi =
[zk‘|b0 k—1,b}']. From (4), we see that bj is a
realization of the random variable z]]C, i.e., when bfc = n,
Ri(n) := [r(n),7i(n + 1)) and 2, € R} (n). Therefore,
when robot i is processing the quantlzed measurement
b{c = n from robot j, j # i, the state update, using (17),

can be written as:

A7)

Zk_

E[Xk|bg;‘]il 1) azé:k—labi}

= E[E[xx[bg}" 1, b7 2o, 0§71, b7

b7 (18)

) Z(i):kf 1 bi]
We first evaluate the

above equation. For this,

inner expectation in the

_ we compute the joint pdf
p(xk,ék\boiz 1,bm?éZ zb ;—1) and then obtain the desired
conditional pdf p(xk|b0k 1,bm;‘é’ zh 1,zk) This joint
pdf (under the Gaussian assumptions stated in Proposition 1)
is also Gaussian and given by:

LH;
) . A X b .
- klk,j—1
P(Xk, Zi|bgil—17b;cn¢lxzé:k71) ~N iT . H; e
h] (h 7 _)AcQ )
3 j klk,j—1

Xhlk,j—1
H; H; J
Pt Pk\k j—1h%
| ni' P VA LN
k|k,j—1 klk,i—1 8% T 0%

(19)

From (19), we can obtain the mean and covariance of the
the conditional pdf as:

E[Xk|bgi217b2n#l7zz)k71722]
_ o H; 53wt (3 Hi e —
=Xy, T K(F —hy ( Rilkjo1 ~ Rlrj—1)) = Xy
1 m#t _1 H,; c H;
COV[Xk‘bgi—ub 7 ZOZk—hzk] = k\k,jfl -k hj Pk|k] 1
Pli . hl
where k¢ = pis Hk“” 1jk = (20)
h;, Pklk] Jhy + o]
Substituting (20) in (18), we obtain:
E[Xk‘bg;;il 17bm¢ivzé:k717bi] kH‘kJ 1+ (21)
c ~. 1 m#tT _1 c H; A
k E[zi‘bgi—pbk ” JZ0k-1,01] — k hfg (Xk|k] 1 XkQ\k,j—l)
In order to evaluate E[Z] bg;‘;Z 1 bkm#, zh. 1, bi] in (21),

we first consider the correspondlng pdf which can be ex-
pressed as:

p(gk ‘bg?liih bzqi;‘ﬂ? Zz):kfh b?g = n)

:p(gélbgii lvbm;ﬁvzézk—lvgi € Ri(n))
(Zk|b0k 17bZl#l Zék 1)

Pr{zk € Ri(””bgii—pbm# Z45 1}

vzl € Ri(n),else 0.
(22)

Therefore,
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[‘gk'bq k— 17b;gn#i7zé:kflyb‘]i = TL]

p(Z |bg:7:_17 bim, Z0.5-1)

_ 37

= H—_—_—" b —dF (23)
/Ri(") Pr{z € Ri(n)|bg?,§_l,bk ” o1}
Furthermore, in the above equation,
p(gk‘bgiil7bm¢lvzézk—1)

_x@ H; j 5
NN( 1 (kg Xppkj—1 ~ Xplgj—1) hj Pk\k] lhk+0k)
(24)

and

Pr{z € R} <n>|bz’zi LD g )

= Pr(rfn) < % < 70 + DB B 1)
T (n) —m T.(n+1)—m
~Q 1(n) ~Q 2 ) (25)
UHi UHi

Here, we define m := h ( kH‘k i1 —fclek ;1) and oF =
h) PkHlk i b+ ak . Also, Q[] is the Gaussian tail prob-
ability function with Q[z] £ \/% [ exp(—u?/2)du, and if
Y ~ N(p,0?), then Pr{Y >y} = Q[(y — p) /0.

After evaluating (23) using (24) and (25), the details of
which are available in [20], the expression in (21) can be
simplified to obtain the state update equation in (5).

The derivation for the corresponding covariance update
equation is also based on the concept of iterated expectations
[see (17)] as follows:

COV[Xk\bgilA’b?#vZé:k 17bj]
= El(xi — %43, ;) ook — %405 ) DI
= E[E[(x — %y, ) (x5 — %5 )"

Xk,
qFi m##i
|b0:k:717 b

bm#i? Z%):k—la bi]

bm#i’ Zf):k—l ’ bgc]
(26)

i A R et
s Z0ie—15 21 POl 1

To evaluate the above expectation, the term xj — kkHﬁcj’
using (20) and (21), can be written as:

LHS P

- N ~ H;
Xp =X _Xk_&wj+xww Xpolk,j

H;
k\kj
= x, — %1 +k6(~hE[2ﬂ' A N bj])
k— k|k] k1P0:k—15Pr " »%0:k—15 Y%
(27)

Substituting (27) in (26) and proceeding by first evaluating
the inner expectation, followed by the outer expectation
in (26), we obtain the covariance update equation in (6).
Due to space constraints, the details are presented in [20].
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