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Abstract—In contrast to cameras, lidars, GPS, and proprio-
ceptive sensors, radars are affordable and efficient systems that
operate well under variable weather and lighting conditions, re-
quire no external infrastructure, and detect long-range objects.
In this paper, we present a reliable and accurate radar-only
motion estimation algorithm for mobile autonomous systems.
Using a frequency-modulated continuous-wave (FMCW) scan-
ning radar, we first extract landmarks with an algorithm that
accounts for unwanted effects in radar returns. To estimate
relative motion, we then perform scan matching by greedily
adding point correspondences based on unary descriptors and
pairwise compatibility scores. Our radar odometry results are
robust under a variety of conditions, including those under
which visual odometry and GPS/INS fail.

I. INTRODUCTION

In order to confidently travel through its environment,
an autonomous vehicle must achieve robust localization and
navigation despite changing conditions and moving objects.
Currently, most platforms employ lidar, vision, GPS, internal
sensors, or a combination of these systems to obtain informa-
tion about their surroundings and perform motion estimation.
While extremely fast and high-resolution, lidar is sensitive to
weather conditions, especially rain and fog. Vision systems
are versatile and cheap but easily impaired by scene changes,
like poor lighting or the sudden presence of snow. Both
optical sensors only yield dependable results for short-range
measurements. A typical GPS on its own guarantees at best
3-m accuracy, experiences reception difficulties near obstruc-
tions, and relies on an external infrastructure. Additionally,
proprioceptive sensors, like wheel encoders and IMUs, suffer
from significant drift among other detrimental effects.

In contrast, radar is a long-range, on-board system that
performs well under variable lighting and atmospheric con-
ditions, and it is rapidly becoming more affordable and
efficient. Due to its long wavelength and beam spread, radar
can return multiple readings from the same transmission and
generate a grid representation of its world. As a result, radar
sensors detect stable, long-range features in the environment.

For these reasons, radar is a promising sensor for odome-
try, a task for which it is not typically utilized, and we seek to
explore its capabilities via a radar-only system. In this paper,
we demonstrate robust motion estimation using a frequency-
modulated continuous-wave (FMCW) scanning radar alone.
Our main contributions are two-fold: (1) a landmark extrac-
tion method that reliably identifies meaningful features while
avoiding false detections; and (2) a robust radar-only scan
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Fig. 1. A comparison of three odometry systems: radar (RO), vision
(VO), and GPS/INS (note: the curves are shifted in time for better visual
comparison). Only the radar is successful across all scenes, and its motion
estimates closely match those of the other sensors when they are available.
VO fails in poor lighting or rain, and GPS/INS is unavailable indoors.

matching algorithm that is effective under any rotations and
large translations. While radar offers many benefits over the
alternatives, working with it is non-trivial as it operates more
slowly than lidar, generates noisy measurements, and often
returns “ghost” objects. We address these issues and show
that radar-only motion estimation succeeds across diverse
settings and conditions. Moreover, we show that radar does
well compared against vision and GPS even under conditions
that are ideal for the latter two sensors.

Sections II and III-A discuss the relevant literature on
radar and introduce the FMCW scanning radar, respectively.
Section III details our algorithms on landmark extraction and
data association. Section IV discusses our results, and Sec-
tion V summarizes our work and suggests future directions.

II. RELATED WORKS

The first step of most radar motion estimation approaches
is the extraction of important features from radar scans.
Some researchers [1], [2] draw from the literature on vision,
creating amplitude gridmaps that transform the radar scans
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into grayscale images, then extracting features, such as SIFT
and FAST. Others [3] use the gridmaps to find continuous
areas that are deemed interesting using DBSCAN, MSER,
and Connected Components. In contrast, approaches devised
specifically for the radar acknowledge its high and irregular
noise floor. CFAR [4], [5], a common filtering algorithm,
adapts to the variable noise floor along the received sig-
nal. Another technique [6], [7] infers the appearance of
landmarks by estimating the radar’s noise characteristics
and exploiting temporal-spatial continuity. Marck et al. [§]
avoid the filtering process altogether by recording only the
range with the greatest power return per azimuth, but this
simplification discards potentially relevant information. As
expected, the landmark extractions tailored to radar produce
the most meaningful and robust detections.

The next step for motion estimation is the data association
of landmarks corresponding to the same object observed at
different times. These approaches assume that the majority
of the scene is static. Vision-inspired works [1], [2] pair radar
landmarks that have sufficiently similar feature descriptors.
Modifying this idea for radar occupancy grids, Schuster et al.
[9] identify and associate landmarks using the binary annular
statistic descriptor (BASD) [10] and Hamming distance.
Although feature descriptors work well for images, which
contain complex high-density information, they are unable to
produce consistent results with radar, for which the readings
are much noisier and less dense, and fail to consider the
advantages of analyzing the radar scan as a whole.

An alternative to feature-based radar odometry uses multi-
sensor fusion. These systems use the other sensors’ odometry
to transform the incoming radar landmark pointcloud and
compare it against an existing map of landmarks. Schuster
et al. [9] match each point to its nearest neighbor in the
map. Diessler et al. [11] use Monte Carlo methods to select
a solution from probabilistically assigned weights. The data
association between the radar pointcloud and map provides a
motion estimate that is then fused with the original odometry
readings. While these multi-sensor methods are promising,
none produce satisfactory results using only the radar, and
they thus rely on the availability of the other sensors. In
addition, they often require the integration of model-reliant
filters (e.g. Kalman and particle) and the creation of maps,
both of which introduce unnecessary complications.

On the other hand, scan matching, which aligns landmark
sets in order to minimize some cost function, accomplishes
data association by considering information captured across
the entire radar scan and does so without other sensors.
One widespread approach, called Iterative Closest Point
(ICP), iteratively matches and aligns the pointclouds until the
desired termination condition is met [8], [12], [13]. Chandran
and Newman [14] adopt a different strategy, developing a
function that quantifies the quality of a map created by
superimposing radar pointclouds according to the unknown
motion parameters; they then perform an exhaustive search
to optimize over the motion parameters. Both works assume
that the movement between scans is small, which imposes an
undesirable constraint on the algorithms and prevents them
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Fig. 2. Visualization of the FMCW scanning radar viewed from above.
The radar (green circle), centered on the vehicle (black box), sequentially
gathers power-range spectra (dotted green rays) at each azimuth. A sample
signal is plotted. Variables a and r denote azimuth and range, respectively.

from being applied to arbitrary inputs. Vivet et al. [5] design
an innovative technique well suited for high velocities, using
the radar scan distortions, which are typically regarded as a
drawback of mobile radar systems, to backsolve for velocity
with the help of an extended Kalman filter. Rapp et al.
combine spatial scan matching with Doppler information for
a joint ego-motion estimate [15].

Other scan matching algorithms do not extract features
and operate directly on the radar outputs instead. Checchin
et al. [16] apply the Fourier-Mellin transform to efficiently
compute the vehicle’s rotation and translation from the entire
radar output. The Doppler radar used by Kellner et al. [17]
returns the position and speed of the surrounding objects,
from which the vehicle’s motion is easily computed with
enough detections. Both concepts are unencumbered by
heavy preprocessing. Yet feature extraction is often necessary
for other tasks, like object tracking, so forgoing this step
reduces the system’s overall versatility.

In this paper, we present robust radar-only motion esti-
mation using our own algorithms for landmark extraction
and scan matching. We adopt this approach in order to fully
utilize the information captured by the radar while providing
a method that identifies meaningful radar features that are
useful for other tasks. In contrast to the works above, we
accomplish these goals without other sensors, the creation
of maps, model-reliant filters, or outlier detection.

III. OUR APPROACH
A. FMCW Scanning Radar

We employ the FMCW scanning radar, which is visual-
ized in Figure 2. This radar rotates about its vertical axis
while continuously transmitting and receiving frequency-
modulated radio waves. The received power corresponding
to a position in the environment indicates the reflectivity,
size, and orientation of an object at that location. The radar
inspects one azimuth at a time. For each, it produces a
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Fig. 3. Procedure for landmark extraction from a power-range spectrum.
The input (raw signal) is processed from the top-left to produce the output on
the bottom-right, in which the landmarks are denoted with red asterisks. Box
6 in this example highlights the ability of our approach to remove detections
due to ghost objects and noise. Boxes 3 and 5 show the importance of
incorporating the high-frequency signals, as using the smooth ones in boxes
2 and 4 alone would discard the high range resolution of the FMCW radar.

1D signal, called the power-range spectrum, that contains
the power readings for a series of range bins, and one full
rotation across all azimuths constitutes a scan. Let NV be the
number of range bins in a power-range spectrum and M the
number of azimuths in one rotation.

The FMCW radar’s advantages are its range-measurement
accuracy, ability to gather readings at close range, and low
peak power. Its disadvantages include sidelobes—radiation
sent in unintended directions—and multipath reflections—
which result when a wave encounters additional surfaces
before returning to the receiver. These two effects cause the
scan to contain “ghost” objects at locations where in fact
none exist. Errors in range can also occur due to relative
motion (via the Doppler effect) and the compression of 3D
information into the 1D spectrum. Other issues include phase
jitter, saturation, and atmospheric attenuation.

B. Landmark Extraction

Our first objective is to accurately detect objects in the
radar’s environment with minimal false positives. Specifi-
cally, our detector should find all landmarks perceived by
the radar while minimizing the number of redundant returns
per landmark and avoiding the detection of nonexistent ones,
such as those due to noise, multipath reflections, harmonics,
and sidelobes. In this section, we present our method for
extracting landmarks while adhering to the aims above.

Our method accepts power-range spectra (i.e. 1D signals),
as inputs and returns a set of landmarks, each specified by its
range and azimuth. The core idea is to estimate the signal’s
noise statistics then scale the power value at each range

Algorithm 1: Landmark Extraction Method

Input: Power-range spectra s € RV*! for azimuth a

Output: Set of landmark detections L(s)

Parameters: Median filter width wegian; binomial filter
width wpinem; z-value zq to threshold
noise; boolean F' and threshold diesh
(optional) for multipath reflection removal.

1 q + s — medianFilter(s, Wmedian )
2 p < binomialFilter(s, Wyinom )
3Q<«+{¢:q <0}
4 N (pq,02) < normalDistribution(Q U —Q)
5 Initialize N x 1 vector y to zeros.
6 for i < 1 to N do
7 if ¢; > 0 then
N f(pil0,02)
s v (1= Ty )
N N i—pil0,02
9 yi(*yi+(%*pi)'(1*%l,gjq))
10 Threshold §j; values below zq0gq.
11 L(S) — {(a,r(i)) Y > 0Ny >0NY—1 = 0}

12 If F, remove multipath reflections in L(s) using dipresh-

by the probability that it corresponds to a real detection.
Continuous peaks in this reshaped signal are treated as
objects; per peak, only the range at the center of the peak is
added to the landmark set.

Let the vector s(t) € RV*! be the power-range spectrum
at time ¢ such that the element s; is the power return at the
i-th range bin, and a(t) is the associated azimuth. Let (i) =
B(1 — 0.5) give the range of bin ¢ € {1,2,..., N}, where
{3 is the range resolution. Suppose that y(t) € RV*1 is the
ideal signal if the environment was recorded perfectly. Then,
s(t) = y(t)+v(y(t)), where v represents unwanted effects,
like noise. Therefore, inferring y(¢) from s(t) in order to
accurately isolate the landmarks requires an approximation
of v(y(t)) such that y(t) = s(t) — v(s(t)). Removing v
from s is the aim of our method. The landmark detections
extracted from y () are stored in the set L(s(t)).

The landmark extraction method, as described next, ref-
erences Figure 3 and Algorithm 1. To begin, an unbiased
signal q that preserves high-frequency information (box 2)
is acquired by subtracting the noise floor of v(s) from s (line
1). The result is then smoothed to obtain the underlying low-
frequency signal p (box 3), which better exposes obvious
landmark peaks (line 2). At this point, q is not discarded
for two reasons: radar landmarks often manifest as high
frequency peaks, so smoothing would dampen their presence;
and smoothing muddles the peaks of landmarks that are in
close proximity, making it difficult to distinguish between
them. Thus, we integrate the information of both q and p.

To estimate the noise characteristics, we treat the values of
q that fall below zero as Gaussian noise with mean iy = 0
and standard deviation o4 (line 4). Let f(z|p,0?) be the
probability density at z for the normal distribution N (p1, 02).
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Then, for every range bin, the power values are scaled by
the probability that they do not correspond to noise in two
steps. First, each value of the smoothed signal p; is scaled by
f(pil0,02) (box 4 and line 8). This process is repeated for
the high-frequency signal g; relative to the smoothed signal
p; such that the scaling factor is f (qi|pi,a(21) (box 5 and
line 9). The sum of both values is stored in ;. These steps
integrate high- and low-frequency information to preserve
range accuracy while suppressing signal corruptions due to
noise. Finally, the ¢J; values that are below the upper z4-value
confidence bound of N(0, 0(21) and therefore less likely to
represent real landmarks are set to zero (box 6 and line 10).

The method extracts landmarks from ¢; (the black signal
in box 6) as follows. All values of y are now either zero or
belong to a peak. For each peak’s center located at range bin
i, the tuple (a,r(i)) is added to the landmark set L(s) (line
11). These landmarks are then tested, and those identified as
multipath reflections (MR) are removed (box 6 and line 12).
Since MRs cause peaks with similar wavelet transform (WT)
signatures to appear in the power-range spectrum at different
ranges with amplitudes that decrease with distance, this step
compares the continuous WTs w;, w; € R7*1 for each set
of peaks P; and P; where j > 4. If d;;/H < dnesh and
the maximum power of P; is greater than that for P;, where
dij = |$ — ﬁ"mﬂ is a measure of dissimilarity, then
P; is considered a MR, and (a, (7)) is removed from L(s).
MR removal produces good results but requires significant
computation time, making it optional.

Our method requires three free parameters with an optional
fourth. In general, wpedian Should represent a distance large
enough to span multiple landmarks, and wpipom should be
around the width of an average peak (~ “=gfn). A greater zq
value raises the standard for peaks to be chosen as landmarks
over noise, and diesn 1S the minimum difference between
WTs for detections to be considered independent. For the
following analyses, let L = |J,, ., L(s(7)) be the set of
all landmarks in one full scan from time ¢ to ¢'.

C. Data Association

In this section, we present a scan matching algorithm
that achieves robust point correspondences using high-level
information in the radar scan. Intuitively, it seeks to find the
largest subsets of two pointclouds that share a similar shape.
Unlike ICP, this method functions without a priori knowledge
of the scans’ orientations or displacements relative to one
another. Thus, our algorithm is not constrained to have a
good initial estimate of the relative pose and can compare
pointclouds captured at arbitrary times without a map. The
only requirements are that the areas observed lie in the same
plane and contain sufficient overlap.

One of the key attributes of our approach is to perform data
association using not only individual landmark (i.e. unary)
descriptors, but also the relationships between landmarks.
For instance, imagine three landmarks that form the vertices
of a scalene triangle. Then, the set of distances from each
point to its neighbors is unique to that point regardless of
the overall pointcloud’s placement, allowing the landmark to

STEP 1: L ] LANDMARK EXTRACTION

STEP 2 == == == == UNARY RSD CANDIDATE MATCHES

STEP 3: g  PAIRWISE DISTANCE CONPATIBILITY MATCH
A

SCAN 1

SCAN 2

Fig. 4. The core idea behind our data association algorithm that seeks to
find similar shapes within the two landmark pointclouds (in red) extracted
from radar scans. The unary candidate matches (dotted green lines) are
generated by comparing the points’ angular characteristics. The selected
matches (A, A’) and (B, B}) minimize the difference between pairwise
distances (|dap —d' ap2| < |dap —d’ ap1|). In this way, we approximate
a shape matching by sequentially comparing angles and side lengths.

be straightforwardly matched to its counterpart in any other
pointcloud acquired by applying a rigid body transformation
to the original triangle. The greater the number of points, the
less likely it is for an individual point to have the same set
of pairwise distances to its neighbors as another. Moreover,
the exact position and orientation of the pointcloud does
not influence the pairwise relationships within it, so great
disparities between the placements and orientations of the
pointclouds are inconsequential. We harness these observa-
tions to obtain reliable matches for our large landmark sets.
With real data, the main challenges are that the landmark
locations and detections are noisy, meaning that points do
not always survive the rigid body transformation and the
locations of those that do are affected by noise.

A simple example illustrating the concept behind our data
association algorithm is shown in Figure 4. The method is
given in Algorithm 2, which we reference in the following
explanation, and its helper functions appear in the Appendix.
As inputs, it accepts two pointclouds LY and L for each
of the two radar scans. The first 1O is the original set
of landmarks in Cartesian coordinates. Because landmarks
are detected in polar space, the resulting pointcloud will be
dense at low ranges and sparse at high ones. The second L/
compensates for this by generating a binary Cartesian grid of
resolution /3 that is interpolated from the binary polar grid of
landmarks. The latter pointcloud is less exact and only used
to sidestep the range-density bias when processing the layout
of the environment while data association is performed on
the former (i.e. the algorithm returns a set of matches M
that contains tuples (i,j) such that the landmark LY {i}
corresponds to LY {j}). This distinction is a key insight. It
preserves accuracy by operating on the landmarks detected in
polar space while correcting for a main difficulty of scanning
radars by interpreting the environment in Cartesian space.

The data association is then performed in four steps. First,
for every point in IL}, the unaryMatches function suggests a
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Algorithm 2: Data Association Method

Input: Landmark sets for two scans ]Llo, L{ , ILQO, and
LI,
Output: Set of landmark matches M (LY, LS).
Parameters: Percentage o of landmarks that, if
matched, cause the algorithm to terminate.

B + unaryMatches(LY, LI, L9 IL1) and W <« |B|
Cwxw ¢+ pairwiseCompatibilities(B, LY, LS)

u* + normalizedMaxEigenvector(C')

Initialize the empty set M.

Initialize the W x 1 vector unsearched to all True.
while (any True in unsearched) N (M| < aW) do
(max_match, max_reward) <

(i,uf?) : ui? > ui? Vi, j € unsearched)
8 Terminate function if (max_reward - W < 1).

9 Add the match B{max_ind}} to M.

10 searched <— {i : B{max_match,1} = B{i, 1} U
B{max_match,2} = B{i,2}}
11 unsearched;csearcheq < False

N S B W N =

potential point match in L/, based on some unary comparison
method (line 1). We discuss the unaryMatches function in
Section III-D. Next, the non-negative compatibility score for
each pair of proposed matches g = (i,4’) and h = (j, ') is
computed and assigned to the elements (g, k) and (h, g) of
the W x W matrix C' such that it is symmetric and diagonally
dominant (line 2). If the landmark matches ¢ and h are
correct, then the relationship between ¢ and j in the first
radar scan is similar to that between 7’ and j' in the second;
the compatibility score reflects this pairwise similarity. In our
method, the value is computed from the distances between
corresponding pairs of points in the two scans. It reflects the
understanding that real, correctly identified landmarks are the
same distance apart in any two radar scans.

The optimal set of matches M maximizes the overall
compatibility, or reward. Suppose that m € {0,1}"" such
that (1) m,; = 1 if the unary match B{i} is deemed plausible
and m; = 0 otherwise; and (2) the selected matches do not
conflict (i.e. a point in one pointcloud cannot correspond to
two in the other). Then, the optimal solution m* satisfies

m* = argmax m' Cm.
me{0,1}W
Due to the discretization of m, this maximization is compu-
tationally difficult, so we relax the aforementioned constraint
to seek the continuously-valued u* such that

u* = argmaxu' Cu.
uel0,1]W

Under these conditions, u* is the normalized eigenvector of
the maximum eigenvalue of the positive semi-definite matrix
C. The optimal solution m™ is then be approximated from
u* using the greedy approach shown in lines 3-11.

In short, the greedy method iteratively adds satisfactory
matches to the set M. On each iteration, the remaining

Raw radar scans Pointclouds
PC2 and PC';
3. Data Association of PC,

0. Landmark extraction and PC’, w/ NN

Pointclouds

PC, and PC Point matches M,

4. Pointcloud
realignment from M,

1. Data Association of PC,
and PC'; w/ RSD

Estimate of landmarks’

Point matches M : :
! (not vehicle) motion

5. Reversal of solution for
estimate of vehicle motion

2. Pointcloud
alignment from M,

Fig. 5.

The relative motion estimation pipeline.

valid matches are evaluated (line 7), that which returns the
maximum reward is accepted (line 9), and those that conflict
with it are removed from further consideration (lines 10 and
11). When the most recently selected match yields a reward
less than the that if all matches were valued equally (i.e. is
a weak match) or more than « percent of the landmarks in
either set are matched, the algorithm terminates (lines 6 and
8). Note that « is the only free parameter in this method,
and no outlier removal is required.

D. Relative Motion Estimation

Given two sets of corresponding points, Challis [18]
presents a method for finding the rigid body motion that
optimally aligns them in the least-squares sense using singu-
lar value decomposition (SVD). We apply this technique to
M to estimate the relative motion between two radar scans.

Our motion estimation algorithm, summarized in Figure
5, first performs a data association (step 1) that is capable of
aligning pointclouds separated by any distance and rotation.
The relative motion is then estimated with Challis’ method
(step 2). The second round of data association (step 3), which
serves only to refine the motion estimate, makes use of the
fact that the new pointclouds are now approximately aligned
when generating unary matches. The final motion calculation
is performed on the new set of dense point matches (step 4).
Two examples of this process are shown in Figure 7.

The only difference between steps 1 and 3 is the choice of
unary matching function. In step 1, each point is associated
with its closest match in the other pointcloud according to
what we term the Radial Statistics Descriptor (RSD). This
descriptor specifies each landmark £ by the radial statistics of
its neighboring points along every angular slice centered at
£ (Algorithm 3 in the Appendix). In step 3, the unary match
of a point is its nearest neighbor in the other pointcloud.

Recall that the overarching intuition for our scan algorithm
is to find and match the largest subsets of points in two
pointclouds that share a similar shape. Generally, a shape is
uniquely defined by two characteristics: its side lengths and
angles. While shape matching is computationally demanding,
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Fig. 6. A comparison of our landmark extraction methods to 1D CFAR [4],
[5] and SURF [1], [2]. The raw radar images are at the top, and each table
column features a method. The first and second rows give the pointclouds
for lenient (i.e. more detections with the potential for more noise) and strict
parameters, respectively. The bottom row zooms in on the latter. Only our
method with multipath reflection removal (MRR) successfully disregards
MRs. 1D CFAR contains redundant returns (e.g. for the wall at the bottom
left), and SURF does not consistently find real objects.

our algorithm efficiently approximates this operation by
capturing angular information in the RSD unary matches
and side lengths in the pairwise compatibility calculation,
and this combination ensures robust scan matching.

IV. RESULTS

We utilize the Navtech CTS350-X, a FMCW scanning
radar without Doppler information. For this radar, M = 399,
N = 2000, and 8 = 0.25 m. The beam spread is 2 degrees
in azimuth and 25 degrees in elevation. The radar operates
at 4 Hz, and our algorithm (not fully optimized) operates
at approximately 3 Hz. The radar is placed on the roof of
a ground vehicle with an axis of rotation perpendicular to
the driving plane. We adopt the usual odometry assumptions
that the environment is mostly static and non-deformable.
We also assume that the instantaneous motion of the vehicle
is planar. We utilize the following parameters, chosen empir-
ically: Wmedian = 200, Wpinom = 50, zq = 2.5, dipresh = 0.1,
and o = 0.5 with MR removal. When driving, the vehicle
typically travels between 5 and 10 m/s; when turning, up to
0.6 rad/s (see Figures 1 and 8). The vehicle is driven through
various parts of downtown Oxford, UK.

Example 2

Example 1

STEP 1.
Data assoc.
with RSD
on input
pointclouds.

STEP 2:
Align using
data assoc.
from step 1.

STEP 3:
Data assoc.
with NN on
pointclouds
from step 2.

STEP 4:
Repeat
alignment
using
data assoc.
from step 3.

Fig. 7. Tllustration of the data associations and pointcloud alignments
corresponding to steps 1 through 4 in Figure 5. The displacement between
the two pointclouds (purple and green) in step 3 is inserted to better visualize
the point matches (black lines). Note that step 1 operates on pointclouds
separated by any distance and rotation since it only uses the pointclouds’
shapes. Steps 2 and 4 show the alignments produced by the matches in steps
1 and 3, respectively. Step 3 refines the alignment of step 2, thus improving
the motion estimate, as evidenced by the denser matches.

Figure 6 compares our landmark extraction algorithm to
other common approaches. It examines the use of image
processing features for radar localization and mapping [1],
[2] via SURF. Designed to detect sharp gradients, SURF is
highly susceptible to unwanted radar artifacts. As shown, it
returns numerous false positives, and many landmarks do not
correspond to meaningful objects in the scene, demonstrating
the need for radar-specific landmark detection in order to per-
form robust motion estimation. In contrast, 1D CFAR yields
a better depiction of the surroundings, from which structures
(e.g. walls and buildings) are easily discernible. However, we
maintain that the landmark set produced by our algorithm
is preferable for the following reasons. Our pointclouds
are qualitiatively clean and crisp with few false detections,
especially with multipath reflection removal (MRR). The
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Fig. 8. A comparison of odometry using the radar (RO), vision (VO),

and GPS/INS under favorable conditions for vision and GPS/INS (note: the
curves are slightly shifted in time for better visual comparison). This route
illustrates the success of RO (it closely matches the estimates of VO and
GPS/INS) while including portions of its worst performance. The images
and landmark sets when RO is noisiest show that this occurs in featureless
narrow environments where the pointclouds are underconstrained between
scans. The top and middle plots show the estimated translational and angular
velocities, respectively. The bottom plot tracks the portion of the landmark
pointcloud that is matched during the data association step using RSD. This
value appears to provide an uncertainty measure, as it is approximately
inversely correlated with RO performance, an added benefit of our approach.

landmarks accurately reflect the coherent structure of the
surroundings, and our approach avoids returning redundant
points corresponding to the same object. Finally, adjusting zq
in our algorithms tunes the leniency in an intuitive manner
(i.e. raising zq reduces the number of landmarks, beginning
with those that appear to be noise). Yet adjusting the pa-
rameters for 1D CFAR deteriorates the pointcloud quality in
some places and improves it in others. This property makes
the CFAR filter parameters difficult to tune.

Figure 7 displays the outcomes of our data association
algorithm through two scan matching examples. The steps
1 and 3 show point matches that are dense, accurate, and
consistent with one another without any outlier removal.
These correspondences provide the highly precise and clean
scan matches in the steps 2 and 4. Because step 1 can be
applied to pointclouds separated by any displacement as long
as they contain sufficient scene overlap, the matches in step
3, which exploit the approximate alignment from step 2, are
more dense, thus producing the refined alignment in step 4.

Figures 1 and 8 illustrate the odometry results across three

TABLE I

ERROR STATISTICS FOR RO COMPARED AGAINST VO

Translational Velocity Error (m/s)

Quantile Diverse setting | Busy city center | Narrow backstreets
0.25 0.0293 0.0420 0.0495
0.50 0.1057 0.1134 0.1218
0.75 0.2116 0.2094 0.2321
Rotational Velocity Error (deg/s)
Quantile || Diverse setting | Busy city center | Narrow backstreets
0.25 0.0824 0.0801 0.2108
0.50 0.3210 0.3188 0.5165
0.75 0.7118 0.7017 0.9589

sensor systems. RO is robust across a variety of settings and
conditions. Importantly, even when visual odometry (VO)
[19] and GPS/INS are available, they are closely matched
by RO. In the dark and rain, VO periodically fails while
RO gives a clean and smooth result. The data for the bottom
example of Figure 1 was captured indoors in a dark, crowded,
and enclosed area. As a result, GPS/INS is unavailable and
VO is sporadic. Due to the presence of large nearby metallic
objects, which cause the scans to be noisy, the RO curves are
less smooth than the outdoor ones, but the radar still produces
the most reliable motion estimation. Figure 8 shows a route
chosen because it contains areas in which our RO performs
suboptimally. Our RO system experiences difficulties when
the landmark pointclouds contain insufficient information to
conclusively deduce the vehicle’s motion (i.e. are undercon-
strained). Specifically, narrow corridors appear as parallel
lines in consecutive radar scans; due to the lack of variability
in the scene, our algorithm generates visually satisfactory
alignments that do not reflect the actual movement between
the scans. We can evaluate the uncertainty of our motion es-
timate by examining the portion of the landmark pointcloud
that is matched using RSD during data association. Since
our approach seeks the largest number of matches that are
mutually consistent, a low number indicates either that the
two pointclouds are dissimilar or multiple solutions exist.

Table I confirms that the error for RO is greater when driv-
ing through narrow backstreets than in the busy city center.
Over a 10 km route through Oxford, UK (the diverse setting),
the median RO error is about 0.106 m/s in translation and
0.321 deg/s in rotation. We compare against VO because it
provides accurate and fine-grained odometry while that from
GPS/INS odometry is smoothed.

V. CONCLUSION AND FUTURE WORK

In this paper, we introduced a robust radar-only motion
estimation system that rivals the performance of VO (even
under conditions optimal for vision) and demonstrates the
importance of radars for autonomous vehicles. As an on-
board sensor that operates under diverse conditions, the
successful implementation of RO improves the reliability and
versatility of mobile systems. Our method stands out because
it is not only dependable and accurate, but also straight-
forward and intuitive with few free parameters, no outlier-
detection methods, and no model-reliant filters. Although
multi-sensor fusion is beneficial, we show that RO can stand
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alone if the other sensors drop out. Our landmark extraction
algorithm produces sparse yet meaningful detections with
minimal false positives. It feeds into our data association
algorithm, which performs scan matching using a greedy
approach that, intuitively, seeks to find the largest subsets of
the two pointclouds that share similar shapes. The resulting
radar-only motion estimation is accurate and robust under
conditions for which other common sensor systems fail.

In the future, we intend to address the scenarios in which
RO encounters difficulties and to develop a technique that
accurately quantifies the uncertainty of our component esti-
mates. We also aim to include comprehensive comparative
studies against other RO methods.
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APPENDIX

Algorithm 3: Compute RSD for Landmark

Input: Landmark sets LO and L!; index i of landmark.

Output: The 3 x M matrix RSD. Element (i, j) is the
i-th statistic of the points in j-th azimuth
slice, which are ordered CCW, starting with
the slice that contains the most points.

1 Initialize 3 x M matrix RSD to zeros.

2 Separate space around LY into M equal azimuth slices.
3 for azimuth slice j <~ 1 to M do

4 Find set S of all points in L7 that lie in slice j.

5 L RSD:, j] < [|S], arithmMean(.S), harmonMean(.5)]

6 Normalize all rows in RSD.
7 Shift RSD columns s.t. highest-density slice is the first.

Algorithm 4: Generate Unary Matches based on RSD

Input: Landmark sets LO, LI, LY, and I[é.
Output: Set of unary match indices B.

1 Initialize the empty set B.

2 RSDI « getAllPointsRSD (LY, 1)

3 RSD2 < getAllPointsRSD (LS, L)

4 for point i < 1 to [LY| do

5 | Find point j in LS to minimize ||[RSD2; — RSDI,|.
6 L Add unary match (4, j) to set B.

Algorithm 5: Generate Unary Matches based on NN

Input: Landmark sets LY and LS.
Output: Set of unary match indices B.

1 Initialize the empty set B.

2 for point i < 1 to [LY| do

3 | Find point j in LS to minimize ||LS{;j} — LY {i}||.
4 L Add unary match (4, j) to set B.

Algorithm 6: Compute Pairwise Compatibility

Input: Set of unary matches B; landmark sets ILIO and
LLY; indices of unary matches i and j.
Output: Pairwise compatibility score C;; for (i, j) pair.

1 if ¢ equals j then
| Cij  |B| and return.

iyl LP{B{i, 1}}, LY{B{j,1}}
£27i7£2,j — LQO{B{Z>2}}ﬂL20{B{]72}}

d1 — ||£1,i _El,j||2 and d2 — ||£2,i —£27j|‘2
Cij < (L+]di —da|)™!

[ 5]
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ABSTRACT

This paper presents the design, implementation and evaluation of

milliMap, a single-chip millimetre wave (mmWave) radar based

indoor mapping system targetted towards low-visibility environ-
ments to assist in emergency response. A unique feature of milliMap
is that it only leverages a low-cost, off-the-shelf mmWave radar,

but can reconstruct a dense grid map with accuracy comparable

to lidar, as well as providing semantic annotations of objects on

the map. milliMap makes two key technical contributions. First,

it autonomously overcomes the sparsity and multi-path noise of

mmWave signals by combining cross-modal supervision from a

co-located lidar during training and the strong geometric priors of

indoor spaces. Second, it takes the spectral response of mmWave

reflections as features to robustly identify different types of objects

e.g. doors, walls etc. Extensive experiments in different indoor en-
vironments show that milliMap can achieve a map reconstruction

error less than 0.2m and classify key semantics with an accuracy

of ~ 90%, whilst operating through dense smoke.
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1 INTRODUCTION

Emergency responders are frequently exposed to harsh and danger-
ous environments, with consequent threat to life. Statistics collected
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by the Federal Emergency Management Agency [6] report that over
a 10-year period in USA, 2,775 firefighters died on duty. Where
there is a need to save and evacuate victims from a burning, col-
lapsed or flooded building, it is vital for emergency responders to
have increased situational awareness. In most search and rescue
cases this requires, and begins with, making a map of the unknown
environment [11]. Rather than relying entirely on firefighters to
slowly explore the building, a promising alternative is to use mo-
bile robots to rapidly survey and build the crucial map. Emergency
personnel can then be re-localized accurately within the map and
key features such as exit routes can be indicated.

State-of-the-art mapping sensors on mobile platforms (e.g., a
smartphone or a mobile robot) use optical sensors, such as laser
range scanners (lidar) [53], RGB cameras [13, 16] and stereo cam-
eras [23] to produce accurate indoor maps. However, not only are
optical sensors impaired by the presence of airborne obscurants
(e.g., dust, fog and smoke), their use cases are also significantly
restricted by poor-illumination (e.g., dimness, darkness and glare).
These adverse conditions regularly occur in emergency situations,
e.g., dense smoke for firefighting. Acoustic sensor based mapping
approaches, such as ultrasonic [8] and microphones [47, 77], are
robust to lighting dynamics, but they either suffer from limited
sensing range or become ineffective in noisy environments.

The demand of mapping in the above challenging situations mo-
tivates us to consider single-chip millimetre wave (mmWave) radar,
which has recently emerged as an innovative low-cost, low-power
sensor modality in the automotive industry [27]. A key advantage
of mmWave radar is its imperviousness to adverse environmental
conditions, such as smoke, fog and dust. In the specific case of
fire response, mmWave radars can ‘see’ through smoke and help
firefighters understand smoke-filled environments where many
other optical sensors fail. Compared with the cumbersome lidar
or mechanical radar (e.g., CTS350-X [65]), single-chip mmWave
radars are lightweight and thus more able to fit payloads of micro
robots and form factors of mobile or wearable devices.

Despite these advantages, nmWave-based mapping in indoor en-
vironments is still under-explored. The main issues lie in the strong
indoor multi-path reflections as well as the sparse measurements
returned by single chip radars. In extreme cases, we observe up to
75% outliers due to multi-path reflections, along with more than two
orders of magnitude lower point density than a lidar counterpart.

To this extent, we propose milliMap, an approach overcoming
the above issues to produce an occupancy grid map with semantic
annotations on space accessibility, such as doors, lifts, glass, and
walls. When taking emergency response into design consideration,
a new set of design challenges arises. First, unlike [64] that aims
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Figure 1: System overview of milliMap, comprising of (1) mobile robotic sensing (2) map reconstruction (3) semantic mapping.

to optimize mmWave network performance by pinpointing sparse
indoor reflectors with expensive SDRs, mi1lliMap leverages a low-
cost radar to reconstruct a dense map. Second, due to unknown
floor plans and the demand of rapid response against disaster [55],
precisely moving a mmWave radar along pre-designed or navigated
trajectories for object imaging is practically unfeasible, leaving prior
solutions [80, 81] unsuitable in an emergency context. Third, as
building materials have complex internal layers and non-negligible
diffusion effects [20, 33], previous identification methods only using
the specular reflection from object surfaces [82] results in sub-
optimal performance.

milliMap tackles the above challenges via a novel mobile per-
ception approach with the following contributions:

o A mobile robot based mapping system using single-chip mmWave
radars for both occupancy grid mapping and semantic mapping
in low-visibility indoor environments.

e A generative learning approach that combines the cross-modal
supervision from a co-located lidar and geometric priors of indoor
spaces. Our approach overcomes the sparsity and noise issues
of mmWave signals and is able to produce dense maps with an
error less than 0.2m.

e A semantic mapping method that robustly identifies objects by
harnessing the multi-path effects of mmWave reflections, provid-
ing a classification accuracy ~ 90%.

e A real-time prototype implementation with extensive real-world
evaluations, including testing in smoke-filled conditions.

The rest of the paper is organized as follows. We describe primer
and system overview in Sec. 2 and Sec. 3 respectively. The proposed
map reconstruction approach is introduced in Sec. 4, followed by
semantic mapping in Sec. 5. Sec. 6 details our prototype implemen-
tation and we evaluate it in Sec. 7. We summarize related work in
Sec. 8 and limitations in Sec. 9, and conclude this work in Sec. 10.

2 PRIMER

2.1 Principles of mmWave Radar

Range Measurement The single chip mmWave radar uses a fre-
quency modulated continuous wave (FMCW) approach [60], and
has the ability to simultaneously measure both the range and rel-
ative radial speed of the target. In FMCW, a radar uses a linear

‘chirp’ or swept frequency transmission. When receiving the signal
reflected by an obstacle, the radar front-end performs a dechirp op-
eration by mixing the received signal with the transmitted signals,
which produces an Intermediate Frequency (IF) signal. Based on
this IF signal, the distance d between the object and the radar can
be calculated as:

25 W

where ¢ represents the light speed 3 x 103m/s, fi is the frequency
of the IF signal, and S is the frequency slope of the chirp. In the
presence of multiple obstacles at different ranges, a fast Fourier
transform (FFT) is performed on the IF signal, where each peak after
FFT represents one or more obstacles at a corresponding distance.
Angle Measurement A mmWave radar estimates the obstacle
angle by using a linear receiver antenna array. It works by emitting
chirps with the same initial phase, and then simultaneous sampling
from multiple receiver antennas. Based on the differences in phase
of the received signals, the Angle of Arrival (AoA) for the reflected
signal can be estimated [50]. Formally, the AoA estimated from any
two receiver antennas can be calculated as:

0= sin_l(;”—a;) (2)

where w denotes the phase difference, d represents the distance
between consecutive antennas and A is the wave length. When
multiple pairs of receiver antennas are available, sophisticated algo-
rithms, such as beamforming [22] and MUSIC [43] can be used to
obtain the AoA. At this point, the position of a reflecting obstacle
can be jointly determined by AoA and ranging estimation.

2.2 Generative Adversarial Networks

By extending deep neural networks (DNNs) to work in the genera-
tive context, Generative Adversarial Networks (GANs) [19] trains
two neural networks simultaneously: a generator G and a discrim-
inator D. A vanilla generator G takes a noise vector as input and
generates a data sample by evaluating G. When conditioned gener-
ation is needed, the noise vector can be replaced with an explicit
source s, in which case G becomes a conditional generator [45].
The discriminator D, on the other hand is trained to distinguish
between the real samples and the generated samples from G. Effec-
tively, the discriminator provides feedback about the quality of the
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Figure 2: Bayesian grid mapping. Each cell in the map can
represent free space (white), obstacles (black), or an un-
known state (grey) if it has never been observed.

generated sample to G, which uses this feedback to generate better
samples subsequently and combats the discriminator. Iteratively,
the two neural networks play a competitive game and both become
better at their respective tasks. As discussed later, we exploit this
generative ability to create dense maps from sparse input.

3 MILLIMAP OVERVIEW

We introduce milliMap, a mmWave radar based indoor mapping
system to facilitate environment sensing and understanding under
low-visibility conditions. milliMap takes as input the mmWave
reflections from the environment captured by a low-cost, single-
chip mmWave radar, and outputs a dense grid map with semantic
annotation on obstacles. Fig. 1 shows the following modules in
milliMap:

Mobile Robot Sensing. This module serves as the frontend, by
which milliMap collects environment information from a mmWave
radar and a lidar co-located on a mobile robot. Note the lidar is only
used in the offline training phase to serve as ground truth/label
provider. For online mapping phase, only the mmWave sensor is
used.

Grid Map Reconstruction. Given the multi-modal data collection,
this module uses a conditional GAN to reconstruct a dense grid
map that depicts and marks obstacles, free spaces and unknown
areas. In particular, this module features an autonomous learning
fashion where our reconstruction model automatically leverages
lidar samples as training supervision without human annotation.
Once the training is over, the model can generate dense maps from
mmWave signals alone, even in unseen low-visibility environments
(e.g. smoke distribution) during training.

Semantic Mapping. The last module of milliMap is semantic
mapping that classifies the obstacle semantics on the reconstructed
grid map based mmWave reflection traits. Beyond simply using the
specular reflections along direct paths, our recognizer considers and
characterizes the multi-path effects to enhance the classification
robustness.

4 GRID MAP RECONSTRUCTION

The goal of map reconstruction is to generate a detailed and accurate
map. In terms of map representation, this work uses an occupancy
grid, which is widely used for mobile robot navigation [58] and can
be easily understood by human users. As shown in Fig. 2, each cell
(i.e., grid) on the map can be in one of three states: “free" when it
is empty, “occupied” when it contains an obstacle or “unknown"
when it has never been observed. With these three states, place
reachability can be inferred, allowing safe and fast navigation.
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Figure 3: Multi-path Noise. The black lines in (3b) are walls
and there are non-negligible noise artefacts (in green) be-
hind walls that are the result of multi-path reflection.

4.1 Challenges: Sparsity and Noise Issues

Before diving into the technical details, we first study the chal-
lenges of mmWave based grid mapping. A mmWave radar detects
ambient objects based on signal reflection. After several on-board
pre-processing steps (e.g., interference mitigation), the range and
orientation of reflecting points can be estimated and these points
collectively form a point cloud in the field of view. However, unlike
the dense point clouds generated by lidars or depth cameras, the
mmWave point cloud in indoor environment has two fundamental
issues: i) multi-path noise and ii) sparsity.

4.1.1  Multi-path Noise. Similar to any radio frequency technology,
the signal propagation of MIMO mmWave in indoor environments
is subject to multi-path issue due to aliasing from imperfect beams
[31] and reflection from surrounding objects (see Fig. 3a). As a
consequence, reflected signals arriving at a receiver antenna are
normally from two or more paths, leading to smearing and jitter.
Multi-path is the primary contributor to the non-negligible pro-
portion of pertinent noise artefacts or ‘ghost points’ in a mmWave
point cloud. Given ~ 15m bound of our indoor environment, we
empirically found that, in extremely severe multi-path scenarios,
e.g., corridor corners, ghost points can account for > 75% points of
a frame, which severely impacts grid mapping steps. Fig. 3b shows
examples of noisy point clouds, where we can see many ghost
points behind walls.

4.1.2  Sparsity. As shown in Fig. 4, the point cloud given by a
single-chip mmWave radar is approximately ~ 100 reflective points
per scan, which is over 100X sparser than a lidar. Such sparsity
results from three factors, including (1) the fundamental specular-
ity of mmWave signals, (2) the low-cost single-chip design and (3)
restricted sensing range by manually settings. Wireless mmWave
signals are highly specular i.e., the signals exhibit mirror-like reflec-
tions from objects [21]. As a result, not all reflections from the object
propagate back to the mmWave receiver and major parts of the
reflecting objects do not appear in the point cloud. Moreover, unlike
massive array radar technology, due to cost and size constraints, the
mmWave radar in our use only has 7 antennas, which fundamen-
tally limits its resolution. Moreover, as opposed to massive MIMO
radar technologies, the mmWave radar in this case only has 3 x 4
antennas. Such a design is effective in both cost and size but results
in poor angular resolution (15° in azimuth, 58° in elevation) and
targets which are closely spaced will be ‘smeared’ together. More-
over, in order to lower bandwidth and improve signal-to-noise ratio,
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Figure 4: Comparison of lidar, mechanical radar and our
single-chip radar. In each category, the features of a rep-
resentative model are listed. Notably, compared with a li-
dar and a mechanical radar [65], our beamforming radar is
much cheaper and lighter, but only provides few points.

algorithms such as CFAR (Constant False Alarm Rate) [63] are used
for data processing and only provide an aggregated point cloud,
further reducing density. The third factor resulting in sparsity is
specific to indoor mapping tasks and a consequence of multi-path
noise. mmWave point clouds contain a non-negligible portion of
‘ghost points’, which can mislead map densification. In order to
suppress these ‘ghost points’, we discard points outside of a sensing
radius of 6m, as multi-path effects generally incur false-positive
points at longer distances [68]. However, this restriction inevitably
decreases the density of point clouds further.

4.2 Reconstruction Framework

With knowledge of the properties of mmWave data, milliMap aims
to create a dense grid map. Owing to the complex interaction of
the aforementioned challenges, this essentially requires an upsam-
pling approach that can simultaneously address the sparsity and
noise/outlier issues, which is far from trivial. Such a huge design
challenge makes classic methods based on heuristics inadequate
here (as seen in Sec. 7.1).

Reconstruction Neural Network. To address the sparsity and
noise challenge, we propose to use generative neural network (i.e.,
GAN in this work) reconstruct maps. As discussed in Sec. 2.2, con-
ditional GAN is a learning paradigm that has proved to be a very
effective tool for improving image resolution and generating realis-
tic looking images. More importantly, GAN has the proven ability
to reconstruct details [69], which can be crucial for route planning
for search and rescue. Intuitively, GAN can utilize receptive fields
in its CNN generator to denoise and densify image patches by refer-
ring to its neighboring contexts. Therefore, the generator in GAN
can learn to fill in the missing gaps due to sparsity and eliminates
artifacts caused by multipath. The discriminator in GAN further
allows us to recover the underlying outline similar to the real ones.
In fact, using GAN to perform denoising [67] and super resolution
[35] has become a predominant fashion in the computer vision
field when heuristics fall short. Concretely, our adopted network
architecture is constructed based on pix2pixHD [62], which is a re-
cently proposed encoder-decoder framework based on conditional
GAN [42]. It comprises of a generator G and a discriminator D. In
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our context, the goal of the generator G is to transform sparse and
noisy patches to dense and clean images, while the discriminator
D aims to distinguish real images (i.e., partial environment maps)
from the transformed ones. As in many other generative networks,
U-Net [51] is adopted as the backbone in our generator. To allow a
large receptive field without large memory overhead, our network
also uses multi-scale discriminators and downsamples the real and
synthesized images by different factors to create an image pyramid
of various scales. The discriminators are trained to distinguish real
and generated images at various scales.

Cross-modal Supervision by Collocation: Training the above
neural network requires a large number of labelled images. However
in reality, actual maps are not always available and even when they
are, maps can be outdated because in general most buildings do not
precisely match with blueprints [57]. Manually calibrating each map
incurs huge labor costs and is hard to scale. On the other hand, itis a
common practice to use lidar to map indoor/outdoor environments
[34, 59, 71]. Modern lidar can be very accurate and we therefore
consider to use it for creating a fresh map that is consistent with
the mmWave radar observations. To achieve such a generic and
cheap labeling manner, milliMap adopts a cross-modal supervised
learning fashion by using only partial labels (i.e., lidar patches)
generated from a co-located lidar, allowing a robot to learn about
the occupancy of the indoor environment by simply traversing
an environment. After the learning phase, the mmWave radar on
the robot is able to gain mapping skills from past experience and
becomes capable of generating a lidar-like map independently.

4.3 Network Input

Given the above neural network, it is not immediately clear what
representation of the inputs is best. Similar to most networks for
image-to-image translation, our network expects image-like inputs,
with a fixed, relatively low, number of channels and spatial correla-
tions between neighbouring pixels. This is not met by the inherent
irregularity of point clouds. We thus need to firstly convert the
point cloud to an image-like representation and then use existing
networks to process it.

Limitation of Scan Inputs. Perhaps the most straightforward rep-
resentation is a virtual 2D laser scan obtained from the 3D point
cloud. After projecting each scan to a planar 2D image via raytrac-
ing, generative convolutional neural networks are able to take it as
an input and generate a denser and denoised image. The dense im-
ages can then be converted back to angular distance measurements
via raytracing and used for mapping. However, as the mmWave
point cloud is very sparse, the converted scan image from each
frame contains few spatial correlations between neighboring pixels.
Directly feeding such non-informative images to a network incurs
overfitting and hard to generalize in new environments [56]. For
these reasons as well as our goal for developing 2D maps (i.e., z-axis
is not needed for end maps), in this work we chose to work directly
on map 2D patches.

Patches as Input The way map patches are generated differs be-
tween the training and prediction phases. During training, since
we have access to the full, yet sparse, grid maps through running
off-the-shelf Bayesian grid mapping [25], we can generate patches
by dividing the full map into a regular grid of patches of a given
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size (6 X 6m? in this work), with an overlap of 50%. However, at
prediction time, we only generate patches along the robot’s tra-
jectory, in order to reduce inference time. In particular, since we
have access to a reasonably accurate odometry (e.g. from wheel
odometry and/or inertial measurements), we can detect when the
robot is moving out of the current patch, and extract a new patch
along the direction of travel, without overlapping with the previous
patch (6 X 6m?). This simplification ensures we don’t have to merge
two overlapping predictions. We then feed patches of the generated
map along with the past robot trajectory to our network for de-
noising and densification. The advantage of this hybrid approach is
that patches are built in real-time, whilst the more expensive map
densification process is only triggered when entering a new patch.
Hereafter, we denote the reconstructed map patches as x and the
noisy mmWave patches as s. The pivotal goal of milliMap is to
translate mmWave patches to dense map patches through a deep
neural network. The dense patches are then stitched together to
produce a full map.

4.4 Reconstruction Loss Functions

The objective function of our network is comprised of losses from
four sources: (1) a conditional GAN, (2) an intermediate feature
matching, (3) a perceptual loss, and (4) a map prior.
Reconstruction Likelihood. We use conditional GANs to model
the conditional distribution of real map patches x given the input
mmWave map patches s, which are converted from the sparse point
cloud. The conditional GAN loss can be expressed as:

L:6aN(G, Dy) =Es x)[log D (s, x)]
+Es[log(1 — Dy (s, G(s))]

where G tries to minimize this objective function against an ad-
versary network Dy that tries to maximize it [42]. In particular, as
our network uses multi-scale discriminators, Dy here is the specific
discriminator for k-th scale. In the meantime, to stabilize training
and generate meaningful statistics at multiple scales, we follow
[14, 62] and introduce the feature matching loss Lrp(G, Dy) in
our objective function:

T
1 i i
Lrm(G.Dp) = Bsy Y-+ 11D (6.%) = D (. G
i=1 !

(i)
thlayer and N; denotes the number of n]f)des in that layer. milliMap
computes this feature matching loss on multiple discriminators
which is in line with our multi-scale architecture. Lastly, to compare
high level differences and stabilize GAN training [32], we also

introduce a perceptual loss in the objective function:

where T is the total number of layers, D, ’ produces the features of i-

J
Lv66(6) =B ) IIF(G(s) = FP ]l
j=1

where F is a pre-trained loss network used for image classification
that helps to quantify the perceptual differences of the content
between images. In this work, we follow [32] and adopt the VGG
network as F. Each layer j in the VGG network measures different
levels of perception.

Map Prior. The above losses only consider the efficacy of recon-
struction in the latent space of high-level appearance but ignore the
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Figure 5: Effectiveness of map prior loss on a straight corri-
dor patch. A line detector is used in this case to construct the
map-prior loss and the produced ‘corridor’ is straighter and

more complete. lidar is used as pseudo-ground truth.

important low-level geometrics. Recent research found that the la-
tent spaces of appearance and geometry are not strongly correlated.
Standard neural network generators can learn appearance transfor-
mation, however, lack the ability to embed complex geometry cues
for effective image-to-image translation [18, 78]. Nevertheless, 2D
indoor maps in modern buildings often have strong geometric struc-
tures that follow certain patterns, e.g. following rectilinear outlines
for ease of construction. As this geometric information is fairly
ubiquitous [17], one can leverage it as a prior to bootstrap the patch
generation process and enhance the quality of the final stitched
map. Formally, given a generated patch G(s) and its corresponding
real patch x, we define a map-prior loss as follows:

M
Lup(G) = E(s ) Y 1M+ G(s) - x x|l 3)
Jj=1

where * represents the convolution operator and hY) is one of M
convolution kernels with fixed weights, determined by the types
of convolution. For example, h") can be a line or edge detection
mask, capturing different geometric properties of images. Through
a detector mask, this map-prior loss encourages the consistency
between source and target patches corresponding to a certain geo-
metric prior. For example, many objects (e.g., walls and doors) on
indoor floor plans are line based [17]. Therefore, when using line
detectors to embed such a prior in the loss, we can achieve better re-
construction performances in corridors, as shown in Fig. 5. Choices
of convolution masks are flexible, mainly depending on the noise
level of inputs as well as a particular map/building type. We will
quantitatively discuss the impacts of different types of detectors in
Sec. 7.2.

Finally, our full objective combines reconstruction likelihood
and map prior as:

Liotal = Z L:6aN(G,Dg) + 11.Lrm(G, Di)
k=1.2,...K (4)

+12LyG6(G) + A3 Lpyp(G)

where A1, A2 and A3 are hyper-parameters for regularization. K
denotes the number of distinct scales for discriminators.

5 SEMANTIC MAPPING

So far we have introduced how milliMap reconstructs a dense grid
map from mmWave signals. Nevertheless, in order to best assist the
decision making of emergency response, a thorough map should not
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only tell where the obstacles are but also their semantics. Exhausting
the whole universe of indoor semantics is beyond the scope of this
work; instead milliMap follows [54] and focuses on 4 predominant
construction objects that semantically describe space accessibility:
(1) horizontal access object (AO) - doors, (2) vertical AO - lifts, (3)
alternative AO - glass and (4) non-AO - walls.

5.1 Complex Construction Objects

Challenge. The main challenge here lies in the complexity of inte-
rior construction objects, with prior art on material identification
difficult to directly apply. Specifically, previous work focuses on
objects made of a single material or containing very thin layers (e.g.,
cardboard box). For these simple objects, the received mmWave
signals are from the specular reflection from the object surface and
thus prior work (e.g., [82]) can directly use the strongest/peak sig-
nal strength (RSS) value to determine the object type. However
in our case, many construction objects in indoor environments,
ranging from composite walls to hollow doors, consist of multiple
slabs made from different materials. For instance, fig. 6a shows the
diagram of common interior building wall, in which 5 different
layers are stacked together. Each of the slabs often has sufficient
thickness that affects propagation characteristics of mmWave sig-
nals as well as resulting in multiple reflections from internal layers
[24]. Additionally as discussed in [20, 33], building materials have
different roughness and the diffusion effect of mmWave on some
rough surfaces (e.g., the surface of wall) can be significant. Such
diffusion effects, unfortunately, further complicates the problem of
object identification (see Fig. 6b). Intuitively, the compound effect
of diffusion, multiple internal reflections and specular reflection is
hard to model by only using a peak RSS value.

Key Idea and Observations. From the perspective of a receiver,
both diffusion and multiple internal reflections cause multi-path ef-
fects. Owing to differences in several properties, such as roughness
and interior layers, the multi-path effects exhibit certain patterns,
captured in the 1D range FFT profile (see Sec. 2.1 for definition).
Fig. 7a shows an example of a range FFT profile. The peak value in
this example represents the normalized intensity of the specular
reflection along the direct path, where neighbor values around it
are due to multi-path effects from diffusion and multi-reflections.
To illustrate what patterns we can extract from the shape of the
peak, we extract features (e.g. peak value, standard deviation) from
27,952 collected profiles of 3 common construction objects. Fig. 7b,
7d and 7c show the average value and standard deviations, from
which two key observations can be drawn. First, peak value differ-
ences (feature index 2) between construction objects can be vague
(e.g., glass versus lift) that confuses object classification. Second,
both the magnitude and shape of neighboring points exhibit more
distinct patterns, providing better object signatures.

5.2 Semantic Recognizer

Based on the above observations, we propose a semantic recognizer
that operates by first extracting a segment of interest from the
range FFT profile, and then using a classifier to identify different
types of obstacles.

Segment of Interest. Notably, the first step before performing
segment extraction is to acquire a scan at a perpendicular angle

C.Luetal.

Specular
Reflection @ >

/

3rdslab -l | Rx

Multiple Internal
et Reflections —_ -

2ndSlab L

Diffused
Scaterring
-

N ea]l Lath
) sl 1st Slab
1st Slab { N
L NG N 2nd Slab
NN
/O Keys 3rd siab

'S4

(a) (b)

Figure 6: mmWave signal propagation on a wall. (6a) A com-
mon interior building wall has multiple layers. (6b) The dif-
fusion and multiple internal reflections on a simplified wall
model (with only three slabs), result in complicated multi-
path effects. We exploit these signatures for classification.

to the object. To combat the limited angular resolution of the TI
board (see Sec. 2, milliMap tasks the robot platform to mechan-
ically scan its horizontal field of view, and then determines the
perpendicular angle by pinpointing the pose that yields the largest
reflection intensity. Once a perpendicular pose is determined, the
robot platform enters the static mode and starts to record the range
profile at this instant. A practical issue of applying the above in-
tuition is determining the number of points to consider after the
peak, namely finding a segment of interest (SOI) in the range pro-
file. As multiple objects are in the mmWave radar’s field of view, a
range profile often contains extraneous information corresponding
to non-target objects. Directly using the whole profile as features
will thus confuse a single object classifier. As the target object in
our case is the nearest object perpendicular to the robot/radar, the
starting point of a SOI is easy to find because it has the steepest
increasing gradient in the profile. To mitigate the potential aliasing
issue due to 40mm ranging resolution, we always use the prior
index to the steepest point as the starting point of SOI. We empiri-
cally found that at a SOI width of 6 points, the best tradeoff can be
achieved. In Sec. 7.6, we will further discuss the impact of different
SOI widths on semantic classification. Fig. 7a illustrates the SOI
extraction process.

Object Classifier. Taking the extracted SOI as input, a classifier is
used to identify a target object. The classifier adopted by milliMap
is a convolution neural network (CNN), which is widely used in
many classification tasks for its superior accuracy and efficiency.
Specifically, this classifier comprises of three 1D convolution layers
and a dense layer with softmax activation. The kernel sizes and
strides of all three convolution layers 32 and 1, and the activation
functions are Exponential Linear Unit (ELU). We compare the per-
formance of this CNN classifier with other baseline classifiers in
Sec. 7.1 to further justify our choice.

6 IMPLEMENTATION

For the purpose of reproducing our approach, we release our dataset
and the source code at https://github.com/ChristopherLu/milliMap.
Multi-modal Robotic Sensing Platform. A Turtlebot 2 platform
equipped with multiple sensors is used a a prototype data collection
platform. This dataset contains synchronized mmWave point cloud
data from a TI AWR1443 board, lidar data from a Velodyne VLP-16
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Figure 7: Semantic Mapping: (a) 16cm-wide SO, determined by the corresponding peak in the range FFT profile; (b-d) ‘average’
SOI aggregated from 27,952 training samples. SOIs of different materials have distinct patterns. Note that the first feature
index, namely the starting point in (b-d) is the precursor index to the detected peak value.

and wheel odometry. The bandwidth of the used radar is 4GHz
(77GHz - 81GHz) which yields a ranging resolution of ~ 4cm. It
has 120 degree azimuth field of view and 30 degree elevation field
of view. In addition, we provide RGB images from a front-facing
monocular camera. The mmWave sensor, lidar and camera are coax-
ially located on the robot along the vertical axis. The navigation of
the mobile robot is implemented using ROS [49] on a Linux note-
book, which is a widely adopted practice in the robotics community.
Besides controlling, the notebook is also responsible for sensor data
storage. Once the collection phase is completed, the notebook sends
the collection back to a backend server for offline model training.
During the online phase, model inference is expected to be done
either by an embedded GPU or the notebook itself. We will discuss
the real-time performance soon in Sec. 7.7.

Testbeds. Two buildings are surveyed at the time of writing. The
A Building has a size of ~ 1, 100m? and contains four floors, mostly
composed of corridors and atrium; the B Building has a size of
~ 205m? and contains one floor with a combination of corridors
and rooms. The A Building dataset presents a combination of walls,
doors, lifts and large glass handrails; the B Building dataset presents
walls, doors, glass panes, lifts and clutter. Notably, despite similar
high-level semantics, these buildings differ in pathway widths, door
types, glass sizes and more importantly, layouts.

Data Collection Procedure. To collect the dataset of map recon-
struction, we use a remote control to drive our mobile robot moving
from a starting point to an end point on each floor of the buildings.
Particularly, we do not set any specific traveling routes in data
collection, but let the robot freely traverse the indoor space. The
reconstruction dataset contains the data from the mmWave radar,
lidar and wheel odometry. Sec. 7.1 introduces how the collected data
are used for training and testing. The semantic mapping dataset is
acquired in the same places as above. In data collection, a mmWave
radar on the robot is firstly rotated to a pose perpendicular to the
target object/material surface with a distance ~ 0.5 meter. Then at
each collection point, we acquire data at a rate of 10Hz and seman-
tically label these offline from location logs. In total, we collected
45,535 frames from 4 types of objects in two buildings.

7 EXPERIMENTAL EVALUATION

7.1 Grid Map Reconstruction Performance

We start with the validation of the grid map reconstruction method
proposed in Sec. 4.

Evaluation Metrics. Throughout this section, two metrics are
consistently adopted to quantify map reconstruction performances:
mean absolute error (L1) and mean intersection-over-union (IoU),
both of which are widely used [65]. The mean L; is calculated as
follows [72]:

1
Ly =— x(p) — 5

N pZI]J Ix(p) - y()l 5)
where p is the index of the pixel and P is the patch. x(p) and y(p) are
the values of the pixels in the processed patch and the ground truth
respectively. We will omit “mean” hereafter for presentation ease.
It is worth mentioning that as the image resolution is 1dm/pixel
in our case, the L1 mapping error is thus in the units of decimeters.
It is also worth mentioning that our goal is to build an indoor
map for navigation in search and rescue applications. Therefore
it is necessary to have a good idea of the free space and obstacles.
Although this property is difficult to be numerically reported, we
will qualitatively discuss it when comparing reconstruction results.
Evaluation Protocol. We perform cross-floor and cross-building
tests to examine the effectiveness of the trained model. To avoid
the known overfitting issues of DNN in our model and we particu-
larly follow this cross-test evaluation principle on unseen scenarios.
Concretely, our collected dataset is divided into training and test-
ing sets. In particular, the training set contains 12, 000 augmented
patch images extracted from maps of the 1st, 2nd and 3rd floors
in A Building. The data augmentation strategy we adopt here is
the standard rotation and translation transformations on original
patches to promote model generalization. Our test set comprises
49 patch images extracted from maps of the 4th floor in A Building
and 12 patches extracted from the 2nd floor of B Building.As in-
troduced in Sec. 6, the environments of A Building and B Building
notably differ in pathway widths, door types, glass sizes and more
importantly, layouts etc.Moreover, the path followed by our robot
on the 4th floor is quite different from that of other three floors in
A Building. The above scenario variety helps us maximally follow
the cross-testing principle.

All training and testing patch images have size 64 X 64. Concern-
ing model training, three loss weights 11, A2 and A3 are set to 10,
10 and 5 respectively. We adopt a line detector as the convolution
kernel in Eq. (3), M is set to 4, corresponding to 4 line directions in
0°, 45°, 90° and 135°. The training batch size is set to 16 and we use
the Adam optimizer at a learning rate of 2e~3.

Effectiveness of Densification Before and After Mapping. We
first investigate the effect of two input representations (refer to



MobiSys *20, June 15-19, 2020, Toronto, ON, Canada

Table 1: Densification Before and After Mapping.

A Building B Building
Method 1 | IoU | L1 | IoU
Scan Pix2Pix [28] 2.776 0.186 3.602 0.150

(before) | Pix2PixHD [62] | 2.309 | 0.226 | 3.722 | 0.152
Patch Pix2Pix [28] | 2.214 | 0.319 | 3.200 | 0.173
(after) | Pix2PixHD [62] | 2.096 | 0.380 | 2.752 | 0.239

Section 4.3): (i) we perform densification of each scan and then
aggregate them using grid mapping (denoted as scan representation)
and (ii) we aggregate scans using grid mapping and then perform
densification on image patches (denoted as patch representation).
As Tab. 1 shows, the reconstruction results of patch representation
are significantly better than scan for both networks, implying the
effectiveness of patch representation. Given the best-performing
Pix2PixHD network, the L; errors of scan are 20% inferior to patch,
with over 35% inferior IoU scores on both datasets. The reason is
that the single scan densification easily overfits to straight lines,
which is consistent with our discussion in Sec. 4.3.

Network Architecture Validation After understanding the ef-
fective processing order, we adopt the patch representation for
subsequent experiments and continue to validate different architec-
tures of reconstruction networks. As milliMap is the first indoor
mapping work dealing with very sparse inputs of such low-cost
mmWave radar, we can only compare the following commonly
used generative networks: Conditional Variational Autoencoder
(CVAE) [65], BicycleGAN [79], Pix2Pix [28] and Pix2PixHD [62].
Notably, CVAE is the network architecture adopted by [65], though
their goal is not sparse-to-dense due to the use of a customized
mechanical radar. Beside these deep learning methods, we also
compare with lineFitting [46], a classic reconstruction method for
line-based indoor floor plans. Tab. 2 shows the performance com-
parison of different reconstruction methods. Despite its success
on lidar map reconstruction, the classic line fitting method obvi-
ously struggles on both datasets and provides < 50% IoU than our
approach, attributed to the substantial sparsity in raw mmWave
maps. In particular, it is observed in Fig. 8 that there are many
falsely closed corridors predicted by the line fitting method. Such
misclassified free space and navigable routes is contrary to our goal
for safe/efficient navigation as areas falsely marked as obstacles
are in general more detrimental than areas falsely marked as free
space, since a robot or a firefighter is typically capable of avoiding
unpredicted obstacles. In contrast, when computing a path to a cer-
tain location, falsely closed corridors could make whole areas of the
building appear inaccessible. On the side of DNN methods, we did
not find the advantages of using variational methods, implying that
random sampling from a learnt distribution actually counteracts
the benefits of uncertainty modelling and tends to output blurred
reconstructions. We hypothesize that the performance gain can be
also attributed to the strong regularity within indoor maps, which
favors deterministic learning methods. Lastly, despite their close
correlation, we found that Pix2PixHD outperforms Pix2Pix on both
datasets, thanks to the use of multi-scale discriminators and more
losses. By introducing the map-prior loss, our method can further
gain 9.6% L1 accuracy than Pix2PixHD, and ~ 5% better IoU per-
formance overall on both datasets, which is a comparable delta to
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Table 2: Reconstruction method comparison.

A Building B Building
L1 IoU L1 IoU
LineFitting [46] 3.180 | 0.167 | 4.114 | 0.103
CVAE [65] 2.408 | 0.323 | 3.082 | 0.221
BicycleGAN [79] | 2.538 | 0.303 | 3.393 | 0.195
Pix2Pix [28] 2.214 | 0.319 | 3.200 | 0.173
Pix2PixHD [62] 2.096 | 0.380 | 2.752 | 0.239
Ours 1.976 | 0.402 | 2.536 | 0.247

Method

the field of image reconstruction/translation [78]. Note that the
prior loss is simply an additional loss term that incurs no further
computation overhead for either inference or training; however, it
still leads to a performance increase.

Explanation of ‘Ghost’ Areas. Interestingly, in the last column
of Fig. 8, there are ‘ghost’ areas on the generated maps, where part
of a wall (black) is incorrectly marked as free regions (white). Recall
that we adopt a cross-modal supervised learning framework that
uses lidar patches as supervision labels. These labels, however, can
be error-prone when encountering glass objects (see the second
column in Fig. 8), which is a commonly-known limitation of li-
dar. Although glass is opaque to mmWave, considering the high
appearance similarity (see Fig. 9), we hypothesize the ‘ghost area’
of our generated grid map of A Building can be attributed to the
misleading lidar patches of glass in training. ‘Ghost” areas do not
appear with scan inputs, due to its overfitting to straight corridors.

7.2 Effectiveness of Sub-components

In order to understand the contribution of key sub-components in
the reconstruction neural network, we further conduct an effective-
ness analysis on: i) loss functions and ii) multi-scale discriminators.
Different Loss Functions. We modify the objective function of
Eq. 4, by alternating different loss terms for reconstruction like-
lihood as well as alternating variants of our proposed map-prior
term. Tab. 3 shows that feature matching loss plays a vital role
which brings 16% — 24% gain in L;. The perceptual loss (i.e., VGG
loss) also helps and removing it incurs a average performance de-
cline (~ 7%) on both datasets. This is reasonable because the VGG
network is pre-trained by general image classification tasks and
hence becomes less effective in our specific mapping task.

These experiments indicate that, although grid maps are more
about geometrics, these appearance losses are still important for
stabilising generator training and improving realism. Interestingly,
when we implement the map prior loss as edge detectors, its efficacy
is not as helpful as the line detectors. This is because edges are a
broad concept for any image and cannot effectively incorporate
the geometrics of line-based maps. Moreover, as our supervision
signals are from the imperfect lidar patches, the edge detectors are
sensitive to the noises of lidar. In contrast, line detectors focus on
low-frequency components of images and thus can be more robust
to noise.

Number of Scales. Next we examine the impact of multi-scale dis-
criminators. Recall that mi11iMap uses a 2-scale discriminator while
our ablation study further examines the cases of 1- and 3-scales. As
shown in Tab. 3, the overall impact of multi-scale discriminators is
not substantial (~ 5%) when varying the number of scales. This is
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Figure 9: Incorrect lidar supervision due to presence of glass
objects in training data.

as expected because the multi-scale discriminators were originally
designed for high-resolution images while our input patches are not.
We observed a marginal improvement from single-scale to 2-scale
discriminators as more diverse feature matching is introduced in
different scales. However, such increase of scales soon counteracts
the benefits when the 3-scale network becomes oversized and over-
fits. This overfitting issue is more obvious on B Building dataset
due to cross-building testing.

7.3 Testing in Smoke-filled Environments

Thick smoke is a common event that occurs in many emergency
incidents such as firefighting. In this experiment we examine the
potential use of milliMap in smoke-filled environments. To this
end, we use a smoke machine to create different smoke densities in a
corridor (12 X 1.5m?) in another building where various sensor data
were collected on the robotic platform for comparison, including
lidar, depth camera, RGB-camera and mmWave radar. Fig. 10 shows
the reconstructed map in 3 scenarios with different levels of smoke
distributions. As we can see, lidar gives very inaccurate map results
even with low levels of smoke. Due to the occlusion and reflection
effects of smoke particles, lidar generates many non-existent objects
and/or misses a lot of real ones. In fact, even under the lightest
smoke condition, lidar already undergoes substantial performance

Table 3: Effectiveness on losses and number of scales.

A Building B Building

L1 TIoU L1 TIoU
w.o. FM 2.408 0.323 3.082 0.221
Losses | w.0. VGG | 2.115 | 0.379 | 2.762 | 0.242
Edge Loss | 2.214 0.319 3.200 0.173

#of 1 2.024 | 0.394 | 2.633 | 0.250
Scales 3 2.022 | 0.387 | 2.863 | 0.219
Ours 1.931 | 0.398 | 2.589 | 0.238

degradation. Depth and RGB cameras also fails to see through
smoke due to similar reasons. In contrast, the mmWave radar is
able to see through smoke and milliMap reconstructs the corridor
accurately in all 3 smoke-filled scenarios. These results demonstrate
that our mmWave based reconstruction model trained in benign
environments can transfer its mapping ability to unseen smoke-
filled environments. Based on this trial, we believe there are many
promising use cases of it for emergency situations.

7.4 Extending to Hand-held Devices

First responders, who carry hand-held or helmet-mounted devices,
need to work in a team with robots for complementary operations.
To this extent, we test mi1l1iMap’s potential for map construction
on hand-held devices, without retraining, but directly using the
model trained using a robot. The main differences are that the odom-
etry of the hand-held device is inferred from an embedded inertial
measurement unit by pedestrian dead reckoning (PDR) methods
[30]. However, compared to wheel odometry, PDR odometry drifts
more and has a lower sampling rate due to step discretization. As
a consequence, the raw patch images of PDR are of lower fidelity.
Furthermore, due to different viewpoints (e.g., different heights of
robots and pedestrians), the mmWave observations have obvious
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Figure 11: Qualitative result for hand-held cases.

differences from the training samples. Despite these compromis-
ing factors, as can be seen in Fig. 11, milliMap still gives a good
reconstruction with ~ 0.83m error, providing a much better sense
of space accessibility than using raw data alone. This experiment
serves to demonstrate how teams of robots and people could build
a common map.

7.5 Downstream Navigation Tasks

We now test whether the produced maps, despite their imperfec-
tions, can still be used for autonomous navigation. In particular,
we investigate if another robot or person is able to localize in the
predicted map with comparable accuracy to that of a lidar map. We
run Monte Carlo localization using mmWave raw measurements
on the reconstructed maps using the standard amcl ROS package
with default parameters. Each time the robot or person starts at a
random location and samples a radar frame. The pseudo-ground
truth is derived by localization with lidar on a lidar map of the same
floor. Fig. 12 shows the cumulative error distribution for 50 Monte
Carlo runs. For the reconstructed map of A Building, our robot
achieved a mean translation accuracy of 0.285m and orientation
accuracy of 0.142 rad; on the reconstructed map of B Building, the
mean translation and orientation accuracy are 0.178m and 0.140
rad respectively. Given the size of the two buildings, these results
show that the map produced by milliMap can be used to accurately
localize and navigate firefighters or robots.

7.6 Semantic Mapping Performance

Metrics and Baselines. To validate the performance of semantic
classification, we adopt the 4 metrics for standard classification

Figure 12: Error CDFs for the downstream localization tasks.

tasks: accuracy, precision, recall and F1 score. For comparison, we
implement RSA [82], a method identifying objects based on the
mmWave reflectivity on different surface materials. Furthermore,
to justify our choice of CNN classifier, we also compare with other
4 commonly used classifiers, including support vector machine
(SVM), random forest (RF), k-nearest neighbors (KNN), multi-layer
perceptron (MLP). All of these classifiers take as inputs SOI and
predict an object label out of glass, lift, wall and door.
Evaluation Protocol. The evaluation protocol here is similar to
the one described in Sec. 7.1. Specifically, classifiers are developed
on a training set collected from three floors in A Building and we
test the trained classifier on a new floor in A Building as well asin a
new building of B. Overall, our training and test sets contain 27, 952
and 17, 583 samples (two test buildings) respectively. When training
baselines and our classifier, the best model for online inference is
determined by 5-fold cross validation.

Overall Performance. Tab. 4 summarizes the semantic mapping
performance where a SOI with a width of 6 is used. Clearly, our CNN
classifier achieves the best performance overall on two datasets and
MLP classifier is second to it. All shallow-learning based classifiers
(i.e., SVM, RF, KNN) underperformed relative to the deep-learning
based methods. This is reasonable as MLP and CNN are able to
learn meaningful feature representation in training, rather than a
shallow classifier on raw data. Because of these meaningful features,
MLP and CNN based classifiers can generalize across floors and
buildings. In contrast, as RSA only considers the specular reflec-
tion from the surface material while ignoring the rich information
conveyed by multi-path reflections, it struggles to robustly identify
objects in both cases. As expected, cross-building classification (B
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Table 4: Results of Material Classification: Accuracy (Acc.),
Precision (Prec.), Recall (Rec.) and F1 Score.

A Building B Building

Acc. | Prec. | Rec. F1 Acc. | Prec. | Rec. F1
RSA | 0.67 | 0.74 | 0.69 | 0.71 | 0.50 | 0.58 | 0.53 | 0.56
KNN | 083 | 0.87 | 0.86 | 0.87 | 0.67 | 0.68 | 0.75 | 0.71
SVM | 0.82 | 086 | 0.85 | 0.85 | 0.67 | 0.70 | 0.68 | 0.69

RF 0.86 | 0.89 | 0.89 | 0.89 | 0.67 | 0.68 | 0.72 | 0.70
MLP | 0.90 0.92 0.91 | 091 0.74 0.77 0.78 0.77
Ours | 092 | 0.93 0.89 | 091 | 0.80 | 0.84 | 0.92 | 0.88

Building Dataset) is more challenging than cross-floor classifica-
tion (A Building Dataset) because building differences are more
substantial than floor differences, resulting in a performance gap
~ 15% on average. Fig. 13 further plots the confusion matrix of our
CNN classifier. We observed that walls are the most difficult objects
to identify on both datasets, coinciding with its greater structural
complexity than other objects. In contrast, lifts are generally made
of steel, allowing them to be easily identified and yields very high
accuracy.
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Figure 13: Confusion Matrix of CNN classifier: (a) ABuilding
(b) B Building.

Impact of SOI Length. The width of SOIs is an important param-
eter which essentially determines the tradeoff between information
richness of features and noise levels. To investigate its impact on
the end-to-end object classification, we vary the width from 1 to
9, at a step of 1. As we can see in Fig. 14, an effective width falls
into the range of [4, 6] while either an over-long or over-short SOI
results in a sub-optimal classification result. Notably, the negative
impact of over-long SOIs is not as significant as the over-short
case for unseen floors (see Fig. 14a). We hypothesize that this is
attributed to the adopted CNN which likely learns to suppress ex-
traneous information of non-target reflections and such extraneous
noise is similar across floors in the same building. However, the
limitation of over-long SOIs becomes significant in the case of an
unseen building, as suggested by the drop of F1 score in Fig. 14b.
This is reasonable because more different secondary reflections are
experienced due to the distinct building structures which makes
the learned suppression hard to generalize. Empirically, SOIs with
the width of 6 gives the best overall performance.

Dealing with Out-of-set Objects. In real-world applications, it
is possible that some objects or materials are not included in the
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Figure 14: Impact of the SOI width on semantic mapping.

training database, known as out-of-set or foreign/alien objects, and
could cause false detections. To detect and mitigate their impacts on
our semantic mapping, we introduce an ‘unknown’ label to mark
these out-of-set classes. Inspired by the ‘alien device’ detection
technique in [37], we take the maximum probability value from the
class distributions of softmax output (see Sec. 5.2) as a classification
score. To distinguish an unknown object from the known ones, we
apply a threshold on the classification score - if the score is less
than the threshold, we mark the object as unknown. The rationale
behind such a score threshold is based on the principles of network
learning and that the summation of a softmax distribution is al-
ways equal to 1. Indeed, the goal of learning a CNN classifier is to
maximize the softmax probability for individual true classes while
a flat probability distribution over multiple classes in testing time
often implies an out-of-set label.

As shown in Fig. 15, compared to the samples with the known
labels, the probability distribution output by the softmax layer for
three out-of-set objects are substantially more scattered and flat.
Their resulting classification score is accordingly lower than the
known samples. Based on 500 samples from 5 different alien objects
(e.g., basins, tables, chairs, sofa and fridges.), we empirically found
that a threshold of 0.92 on the softmax classification score can cor-
rectly detect over 96% of samples as unknowns. In the meantime, it
only results in less than 2.2% false negative rate for known samples.

7.7 System Efficiency

In the last experiment, we investigate the runtime latency, summa-
rized in Tab. 5. Four platforms fitting the payload of mobile robots
are used in our evaluation, including Raspberry Pi 3 (RPi 3), Rasp-
berry Pi 4 (RPi 4), NVIDIA Jetson TX2 (TX2) and a mini netbook.
In the implementations, we use TensorFlow Lite [7] to compress
our models as per the convention of efficient on-device inference of
DNNS. Tab. 5 suggests that both map reconstruction and semantic
mapping modules are able to run in real-time on all platforms. Even
for the most challenging case (i.e., map reconstruction on RPi 3),
a runtime of 2.58s is also acceptable, because an input patch to
our reconstruction network is generated by a robot crossing over a
6 x 6m? square (see Sec. 4.3) while most ground robots’ max speeds
are < 1m/s.

8 RELATED WORK

RF-based Imaging and Tracking,. Signal reflection of RF waves
has been widely leveraged to perform imaging and target tracking.
In the WiFi bands, researchers have used commodity WiFi chips
[10, 26, 29, 39, 48, 52] to imagine static objects, localize humans and
recognize predefined hand gestures. Additionally, by leveraging a
specialized FMCW radar [2-5, 73-75], WiFi signals can be used to
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Figure 15: Softmax distribution comparison between known
classes and out-of-set classes. A dark color represents a large
value i.e. high confidence and the horizontal axis denotes
sample index. For known labels (top row), the distribution is
unimodal. In contrast, the distribution of out-of-set samples
are spread over multiple classes, yielding low classification
scores.

accurately track/imagine human body dynamics, as well as recover
pose estimation under NLOS scenarios. In the vein of mmWave-
based tracking, Babak et al. use FMCW hardware and apply SAR
with sparse measurements in absence of device movement noises
[40], while Xu et al. uses customized mmWave probe to recover
human speeches via throat localization [66]. On the side of environ-
ment sensing, research effort has been devoted to pinpoint indoor
major reflectors, thereby combating the environment sensitivity
of mmWave communications [44, 64, 76]. Nevertheless, major re-
flectors are still sparse points which are incomparable to the dense
grid maps to first responders. Recent works [80, 81] pioneered the
research of low-cost mmWave devices to explicitly image objects.
By continuously moving or navigating in front of a specific ob-
ject, they can infer the geometry of small indoor objects. However,
such iterative mapping and navigation strategy violates limited
time budgetsin search and rescue scenarios. In contrast, milliMap
uses a low-cost off-the-shelf mmWave radar to reconstruct a dense
occupancy grid map while a robot travels freely in an environment.
RF-based Material/Object Identification. By charactering the
reflection intensity of RF signals, the RSA system [82] measures
the reflected mmWave signals at multiple locations and then use an
aggregated value to identify a target’s surface material. A similar
work is RadarCat [70], a contact based material identification sys-
tems leveraging 60 GHz signals. mi1lliMap differs from the RSA and
Radar in that it does not require multiple measurements at different
locations nor a physical contact with the target material. Recent
studies also found mmWave signals can detect and classify hidden
electronic devices [38] and even screen activities [36]. On the other
side, WiFi CSI [15], UWB [12] and RFID [61] have recently been
utilized to identify materials based on their phase and RSS readings.

C.Luetal.

Table 5: Runtime efficiency of key modules in milliMap.

RPi3 | RPi4 | TX2 | Netbook
Map Recon. (s) 2.58 1.01 0.65 0.33
Semantic Mapping (ms) | 0.17 0.08 0.06 0.02

However, these systems are sensitive to the calibrated positions of
pairs of transmitters and receivers, while milliMap is a single-chip
solution to mobile robotic platform.

Indoor Mapping/Imaging with non-RF Sensors. Optical sen-
sors, such as RGB cameras [13, 16], laser rangers [53] and stereo
cameras [23] are established sensor modalities to produce accu-
rate indoor maps. However, these sensors are notoriously fragile
under adverse vision conditions, e.g., darkness, glare and smoke
debris. Acoustic sensors such as microphones [41, 47, 77] are re-
cently found to be effective for indoor mapping and object imaging
but their performances are restricted by limited sensing ranges
and sensitive to environmental noises as well as sound-absorbing
materials.

9 LIMITATIONS AND FUTURE WORK

This work focuses on a proof-of-principle mapping using mmWave
radar, towards our vision of augmenting emergency response with
low-cost mobile sensing systems. There are limitations and a num-
ber of avenues for future exploration. Firstly, the turtlebot platform
is not rugged enough for a real disaster situation. Other more robust
platforms have been designed to tackle this problem [9], e.g. the
use of tracked or snake-like robots. Aerial micro-robots are also a
potential alternative for rapid exploration, and the form-factor of
the single chip radar is ideally suited as a primary sensor for these
agents. Secondly, further trials need to be performed under diverse
conditions such as different buildings, varying obscurants (e.g. dust
in a factory) and under real emergency conditions. Thirdly, we have
focussed on using a single agent to build a map, in future work we
will explore how to use swarms of robots to cooperatively explore

and build the map e.g. by using SLAM [1].

10 CONCLUSIONS

Indoor mapping in low-visibility environments full of airborne par-
ticulates is a challenging yet important problem. Particularly of
importance to emergency responders, an accurate map can signifi-
cantly aid in situational awareness and become a life saver in search
and rescue scenarios. To this end, milliMap used a mmWave radar
on a mobile robot to create a dense map that indicates place reacha-
bility and object semantics on the map. We also demonstrated how
another agent could relocalize within the map. With extensive ex-
periments in different indoor environments and under smoke-filled
conditions, we show the performance of reconstruction, semantic
classification and system efficiency of milliMap, demonstrating its
ability to generalise to previously unseen environments.
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