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ABSTRACT

This paper considers the problem of constructing 2-D room
shape. A mobile device with co-located microphone and
loudspeaker is used and the distances between consecutive
measurement points are assumed to be known. The unique-
ness of the mapping between the first-order echoes and the
room geometry is guaranteed for any convex polygons. A
practical algorithm for room reconstruction in the presence
of noise and higher order echoes is proposed. Experimental
results are provided to demonstrate the effectiveness of our
approach.

Index Terms— 2-D room shape recovery, acoustic sen-
sor, room impulse response.

1. INTRODUCTION

This paper studies the problem of constructing 2-D room
shape using a single mobile acoustic sensor. The mobile
device with co-located microphone and loudspeaker is em-
ployed to emit acoustic pulses and collect the echoes inside
the room. Our objective is to use only first order acoustic
echoes measured at multiple locations to reconstruct 2-D
room geometry.

Knowledge of indoor room geometry is beneficial to a
number of applications, e.g. source localization[1, 2]. Au-
tonomously acquiring the indoor room shape has been an ac-
tive field of research in recent years [3]-[8]. In [3] the authors
proved that a single loudspeaker and a microphone array with
at least four microphones are sufficient to reconstruct a 3-D
room given the location of the microphone array. In [5], a
room with four walls and a ceiling was considered. A unifor-
m circular microphone array with a loudspeaker placed at the
center was used to estimate the room shape. A least square
method with [;-norm regularization was applied to map the
measured impulse responses of a 3-D shoebox room. In [6],
a method to reconstruct 3-D rooms was proposed which did
not require prior information on the room shape, the number
of walls, or the order of the reflections, but the topology of
the devices was assumed to be known. In [7], a single fixed
loudspeaker and a moving microphone were used to recon-
struct 2-D shape room. The essential idea was to determine
the common tangent line of the ellipses whose foci were at
the locations of the microphone and the loudspeaker.
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Another interesting work, which is related to the present
one, is described in [4]. It utilized a static co-located loud-
speaker and microphone to reconstruct the room in the 2-D
case by using both first and second order echoes. Howev-
er, our experiments show that it is difficult to collect the en-
tire set of the first and second order echoes due to measure-
ment noise. Even if the entire set of the first and second or-
der echoes is contained in the received signal, it is difficult
to detect them due to the limitation of acoustic bandwidth
and that the density of pulses increases rapidly as the delay
increases[4].

In our previous work [8], a mobile co-located loudspeak-
er and microphone was used to retrieve 2-D polygonal room
shape, where only first-order echoes measured at three non-
collinear points were required. However, it was established
in [8] that first order echoes alone, in the absence of any in-
formation of the measurements points, is inadequate to recon-
struct an important class of polygons, namely parallelograms.
Thus some additional topological information is required if
one is to reconstruct 2-D room shapes using only first order
echoes with a single mobile sensor.

Given the full geometry of the measurement points, i.e.,
the distance between each pair, it is straightforward to estab-
lish that first order echoes are sufficient to recover any convex
polygonal shapes. This however is a very strong assumption
that often requires human intervention, e.g., actually measur-
ing distances between measurement points. However, many
mobile devices are capable of measuring its own path length
when moving from one point to another. This paper investi-
gates the possibility of reconstructing 2-D room shape with
path length of consecutive points measured by the mobile de-
vice. This weaker assumption, compared with the knowledge
of complete geometry of measurement points, makes it feasi-
ble to achieve autonomous room shape recovery.

The present work establishes that the above approach is
indeed feasible. That is, given the knowledge of path length-
s between consecutive measurement points, one can recover
arbitrary convex room by using only first order echoes col-
lected at three non-collinear points in a room. Algorithmic
procedure that handles measurement noise and the presence
of high order echoes is also proposed and experimental re-
sults are presented to validate the approach.

The rest of the paper is organized as follows. Section Il in-
troduces the indoor propagation model of acoustic signals and
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the geometric relations used in subsequent sections. Theoret-
ical guarantee of successful recovery is provided in Section
IIT along with an algorithm that handles the presence of mea-
surement noise and higher order echoes. Experiment results
are provided in Section IV to verify our proposed algorithm
followed by conclusion in Section V.

2. SYSTEM MODEL

2.1. Room Impulse Response Model

Acoustic signal propagation from a loudspeaker to a micro-
phone in a room can be described by the room impulse re-
sponse (RIR). The RIR encompasses both line-of-sight (LOS)
and reflected components. In practice, if the microphone and
loudspeaker are much closer to each other compared to the
distance between the device and the walls, we say it is a co-
located device. For a co-located device at O, the RIR is

WD) = als( - 77, (1)

where agj)’s and Ti(J)’s are path gains and delays from the
transmitter to the receiver, respectively. Since higher order
reflective paths typically have much weaker power compared
with the lower order ones, (1) can be approximately expressed
by the first IV; + 1 components including LOS and N; reflec-
tive paths:

N
h () = > aPs(t — 1),
i=0

where we assume that the IV; reflective paths contains all first
order echoes and higher order ones that are detectable.

If the transmitted signal has an auto-correlation function
resembling a delta function, then the time difference of arrival
(TDOA) among paths can be obtained from the correlator out-
put of the received signal. Since the loudspeaker and micro-
phone are co-located, 79, which corresponds to the delay of
the LOS path, is close to zero. Define

I S0 1
T 2 1‘,:17

where c is the speed of sound. Then r; contains all the dis-
tances between the device and the walls. Hence synchroniza-
tion between loudspeakers and microphones is not required
for co-located device if only the distances between measure-
ment point and the walls are of interest.

2.2. Geometry

Consider a convex planar K-polygon. As shown in Fig.1, a
mobile device with co-located microphone and loudspeaker
emits pulses and receives echoes at {Oj}?:l. Denote 71;, 19;
and r3; as the distances between O1, Oz, O3 and the ith wall,
respectively. Without loss of generality, we assume that O is
the origin, O lies on the x-axis, and Oj lies above the z-axis.
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Fig. 1. A mobile device is employed to measure the geome-
try of a room. The mobile device collects echoes at Oy, Oo
and O3 successively. The distances between the consecutive
measurement points are dio and da3

Let ¢ = (m — £010203) € (0,7) and the length of 0102
and 0203 be denoted by dy5 and da3, respectively.!
From Fig. 1, it is straightforward to show that

(’f’gi — 7"12') + dq2 cos 91 =0 2)

and
dos COS(GI' — (p) + (7'31‘ — 7"2,') =0. 3)

If however the r;’s contain higher order echoes, with proba-
bility 1, (2) and (3) do not hold simultaneously.

Clearly given d12 and ds3 and if ¢ can also be estimated
from the measurement data, then the geometry of the mea-
surement points can be recovered. In this case, first order
echoes are sufficient to recover room geometry.

3. RECOVERY WITH KNOWN DISTANCES AND
UNKNOWN PATH DIRECTION

If for all j’s, the one-to-one mapping f; : {r;;}5, — r;
is known, then {Gi}fil can be obtained by (2) and the room
shape is determined. However since echoes may arrive in d-
ifferent orders at different O;’s and r; may contain higher
order echoes if N; > K, f; is unknown. Then 6;’s are also
unknown. Therefore we need a way to both rule out higher or-
der echoes and find the correct combination of the first order
echoes. We can then estimate ¢;’s and the room shape.

Define oy = f% and B = 77’31}—2—”” For sim-
plicity we denote «;; and 3;; by «; and j3;, respectively. From
(2) and (3), we have

0; = +arccosa; and 0; —p = tarccosf;, (4)

Thus, there are four possible sign combinations for a given ¢,

0; = arccosa; and 6; — p = arccos f3; 5)
0; = arccosc; and 0; — @ = —arccos f3; (6)
0; = —arccosa; and 6; — p = arccos f3; 7

0; = —arccosc; and 6; —p = —arccosfB;.  (8)

'If 7 € (0,2m), i.e. we do not have control of where to place O3, then
the reconstruction is subject to reflection ambiguity (c.f. Theorem 3.3).



Definition 3.1. Given a room R and a location O, we say
O is feasible if the co-located device at O can receive all the
first order echoes of a signal emitted at O.

Lemma 3.1. Suppose O1, Oy and Os are feasible and not
collinear. Given the correct echo combination, with probabil-
ity 1, there exist exactly two sign combinations such that (2)
and (3) hold simultaneously for all i if p and the direction of

——
both O104 and O203 are randomly chosen. The two possible
sign combinations have opposite signs for v and all 0;’s and
correspond to reflection of each other.

Proof. Assume that the ground truth of the polygon is (5) for
all i € {1,...,K}. Note that (5) implies that (8) holds for
0) = —0; and ¢’ = —¢ < 0 for all 4, which is the reflection
of the room.

Suppose multiple sign combinations hold for a wall.
Without loss of generality, let ¢ = 1. From (5) we have

p = arccos ay — arccos 3. )

Assume that one of the following equations also holds,

(p = —arccosay — arccos 31 (10)
(p = arccos ay + arccos 31 (11)
@ = —arccosay + arccos 1. (12)

Then we have the following three cases:

1. If (9) and (10) hold, we must have #; = 0 which im-
plies that OO is perpendicular to the first wall, and
p = —arccos ;.

2. If (9) and (11) hold, we must have arccos5; = 0,
which implies that O2O3 is perpendicular to the first
wall.

3. If (9) and (12) hold, we must have ¢ = 0, which con-
tradict with the assumption that Oy, O3 and O3 are not
collinear.

With probability 1, the first two cases do not occur since both

¢ and directions of 0102 and 02—>03 are randomly chosen.

If a subset of (6)-(8) holds for 7 and ¢’ simultaneously,
then we must have (0;,0,/) € {6; = 0,0; = p,po = 0} x
{6;; = 0,0;; = ¢, = 0}, which again, do not occur due
to randomly chosen measurement points. Similarly, it can be
shown that for more than 2 walls, (5) would imply none of
(6)-(8) holds for all walls. O

Lemma 3.2. Given incorrect echo combinations, with prob-
ability 1, there exists no solution to (2) and (3).

Proof. We illustrate the proof by considering only the case
of K = 4. The result can be easily extended to X = 3 and
K > 4.

We assume that the ground truth is (5) for all 7. First con-
sider parallelograms. The distances between O; (j = 1,2, 3)
and the four walls satisfy

Ti1+ T2 =To1 + T2 =731 +T32 = a (13)
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and

T13 + T14 = 723 + 724 =T33 + 134 = b. (14)

We can see that for certain echo combinations, pairs of
{air, Biwr} (i7" € {1,2,3,4}) are related to each oth-
er. Consider for example the echo combination resulting
in {ai2, 021,034,043} and {P12, Bo1, B34, faz}.  Since
ap +az = 0, azg +agz = 0, B2 + P21 = 0 and
B34 + Baz = 0, we have

arccos(a) = 7 £ arccos(aqz)

arccos(ays) = m + arccos(asy)
arccos(f21) = m =+ arccos(S12)
arccos(fa3) = m =+ arccos(34).

Thus (4) reduces to two equations
¢ = tarccos(aqz) + arccos(S12)

¢ = £ arccos(agq) £ arccos(fs4).

With probability 1, these two equations do not hold simul-
taneously as a2, (12 are independent of 34, (34 due to
randomly chosen measurement points. Other possible cases
of incorrect combination always have at least two equations
with independent choice of o and 5. Hence no solution can
be found for those instances.

Suppose a combination of echoes is chosen such that we
have i and By (i # 1', i # i'"). For rooms with no more
than one pair of parallel walls, almost surely no echo combi-
nation other than the correct one can make (5) holds for all .
This is because for those rooms, at least one of (13) and (14)
does not hold. Thus some «;/’s and [3;;’s are not related s-
ince 71/, r2; and r3;» are randomly chosen from rj, ro and
r3, respectively.

Therefore only the correct combination of first order e-
choes satisfies (5) for all walls. |

Note that distances between the device and both the ceil-
ing and the floor can be ruled out by Lemma 3.2.

Given Lemma 3.1 and Lemma 3.2, we have the following
result on the identifiability of any convex polygonal room by
using only first-order echoes.

Theorem 3.3. One can recover, with probability 1, any con-
vex planar K -polygon subject to reflection ambiguity, by us-
ing the first order echoes received at three random points in
the feasible region, with known dyo and dgs and unknown
v € (0,2m).

Remark: The room shape is subject to reflection ambigu-
ity for ¢ € (0, 27). If, however, we can limit ¢ € (0, 7), the
recovered shape is unique, i.e. not subject to ambiguity.

In the presence of noise, however, r; is subject to mea-
surement errors. Hence ¢ solved from (4) for different i’s
are not identical. A straightforward practical algorithm that
handles the measurement errors is given below:



1. For K from 3 to N, choose K entries from 1 (j =
1,2,3), where N = min{ Ny, No, N3}.

2. For a given K, exhaust all possible echo combinations
and compute ¥ = 4 arccos o; + arccos 3; for each 4,
k and different 511%n comblnatlon where: =1,..., K
andk=1,..., ( )

3. Choose the echo and sign combination with minimum
variance of ¥ for a given K. Then choose the largest
K and the corresponding echo and sign combination
with the variance less than the threshold. (variance cri-
terion)

4. Estimate 6;’s using the obtained combination of echoes
and reconstruct the polygon.

The following lemma states that the knowledge of both d2
and do3 is necessary for reconstructing any convex polygons
by first order echoes.

Lemma 3.4. [f either di5 or dsg is missing, then 1) parallel-
ogram can not be reconstructed. 2) Non-parallelogram can
be reconstructed subject to reflection ambiguity.

The proof of the part 1) is to construct a counterexam-
ple while 2) can be established in a manner similar to that of
Lemma 3.2 in Section III.

4. EXPERIMENTAL RESULT

4.1. Experiment Setup

We use a laptop as a microphone and a HTC M8 phone as our
loudspeaker. As the loudspeaker of the cell phone is not om-
nidirectional and power limited, we place the speaker of the
cell phone towards each wall to ensure the corresponding first
order echo is strong enough. Note that the loudspeaker will
record both first order echoes and some higher order ones.

M"\'w i wﬂrmw

Fig. 2. Correlator output at O, towards the first wall. Peaks
with solid ellipses correspond to walls. Peaks with dash el-
lipses correspond to either noise or higher order echoes
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4.2. Signal Type

A chirp signal linearly sweeping from 30Hz to 8kHz is emit-
ted by the cell phone. The sample rate at the receiver is
96kHz. It has been shown in [9, 10] that if the input chirp sig-
nal is correlated with its windowed version, the output may
resemble a delta function. Our simulation and experiment re-
sults show that the candidate distances are obtained by cor-
relating the received signals with its triangularly windowed
version outperforms the correlator output using the original
one. Fig. 2 is a sample path of the correlator output collected
in the room where this experiment is conducted.

Fig. 3. Comparison between the ground truth (black under-
lined) and experiment result (red)

4.3. Room Shape Reconstruction

The proposed approach is verified by experiment in which
di2 and dy3 are measured by tape measure. Even if some el-
ements of r; have measurement errors up to 10cm, the room
can be recovered with negligible error by the proposed algo-
rithm if the subset of r; corresponding to first order echoes
are known. In the presence of higher order echoes, the pro-
posed algorithm performs poorly when the variance criterion
is the only criterion used to determine the correct combination
of echoes. Since most rooms are regular, we add a heuristic
constraint: all the angles of two adjacent walls are between
30° and 150°. An interesting phenomenon is that sometimes
the proposed algorithm is unable to provide the correct room
shape, but the estimate of ¢ is always close to the true value.
Therefore, one can use the algorithm in Section III to obtain ¢
and then reconstruct the room shape independently with full
knowledge of the geometry information of the measurement
points. The comparison between the reconstruction result and
the ground truth is illustrated in Fig. 3.

5. CONCLUSION

This work makes progress in room shape reconstruction us-
ing only first order echoes. Specifically, we established that
given the distances between consecutive measurement points,
any 2-D convex polygon can be reconstructed. In the pres-
ence of noise, a simple algorithm is devised that is effective
in recovering the room shape even in the presence of higher
order echoes.
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