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Nonadaptive Group Testing Based Fiber Sensor
Deployment for Multiperson Tracking

Yunhui Zheng, Nikos P. Pitsianis, and David J. Brady

Abstract—We demonstrate a novel use of nonadaptive group
testing in the design and implementation of a fiber sensor floor
web for the localization and tracking of multiple individuals. We
validate our design with a floor web woven with optical fiber
threads that form a grid of cells, with a different subset of fibers
on each cell. Sensors detect the presence of a person by the change
in light transmission due to microbending when a fiber is stepped
upon. Nonadaptive group testing permits the determination of a
minimum number of sensors and the proper allocation of moni-
tored cells to each sensor. The simultaneous presence of individuals
on any combination of up to a small number of cells generates a
unique sensor response. Our proof of concept implementation of
an 8 8 grid requires the use of only 16 sensors and off-the-shelf
inexpensive components to decipher the position of up to two
individuals. This experiment proves the feasibility of our design
and its extensibility to higher number of cells and simultaneous
targets.

Index Terms—Fiber floor sensor, nonadaptive group testing, ob-
ject localization, sensor network, superimposed code.

I. INTRODUCTION

GROUP testing enables the efficient identification of a very
small number of simultaneous active states among a large

number of possible states by testing the states in groups instead
of one by one. Since all tests are performed simultaneously and
the group membership is decided in advance, the gnostic subject
is referred to as nonadaptive group testing. Group testing is also
known as superimposed codes; it has been introduced by Kautz
and Singleton in 1964 [1]. It has wide applications in medical,
chemical, and electrical testing; coding; drug screening; pollu-
tion control; and multiaccess channel sharing [2].

Let us describe, in more detail, an example from communi-
cations. In a conventional multiaccess channel, multiple users
share the same channel to exchange information. In order to
avoid conflicts, active users identify themselves by transmit-
ting a signature codeword before sending out their actual mes-
sage. Codewords transmitted simultaneously are combined in
the form of a bitwise OR in the communication channel. The
receiver identifies the active users by inspecting the combined
codewords and assigns an order to active users. A naive signa-
ture codeword is a codeword with length equal to the number
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of total users with the bit corresponding to each active user set
to “1.” However, in the common scenario, when the number of
active users is far less than the total number of users, a more effi-
cient coding is achieved using nonadaptive group testing codes.

The same idea can be applied in the localization of multiple
targets using a binary sensor array. Each active object state trig-
gers a selected group of binary sensors. The information associ-
ated with each object state and measured by the sensor array is
a binary vector or codeword. When multiple active object states
coexist, the final sensor output is the bitwise OR of the active
codewords. The active object states can, thus, be identified by
checking a lookup table when the final sensor output is unique
for all possible combinations of active states.

The sensor array design based on nonadaptive group testing is
an example of multiplexing sensor design, in which each sensor
monitors a number of object states. We have been working on
such multiplexing sensors by modulating the sensor receiver
pattern [3]–[6]. In particular, we have demonstrated a fiber web
deployed according to two-dimensional Gray code to localize
an extended source [7]. Fiber, when used as a line sensor, al-
lows the designer great flexibility to change its receiver pattern
by weaving it in the object space. Here, we demonstrate the ap-
plication of superimposed codes in sensor array design with a
fiber web. Other applications of superimposed codes include file
comparison [8], pattern matching [9], DNA screening [10], and
multiaccess channel [11].

In Section II, we describe the applicability of group testing to
our problem. Section III presents a genetic search algorithm for
finding efficient encodings. The experimental setup is described
in Section IV. We conclude with a discussion of these results.

II. GROUP SENSING

Suppose that there are up to objects coexisting in a space
divided into positions; each position may hold no more than
one object. To detect the positions of the objects, we use a sensor
array with binary sensors. A sensor returns 1 if any object is
present in any positions monitored by that sensor or 0 otherwise.
Consider the binary matrix with denoting
that sensor monitors position and 0 otherwise. Each row of
matrix corresponds to the receiver pattern modulation of that
particular sensor. Each column of corresponds to the sensors
in the sensor array monitoring that position. In addition, column

can be seen as the codeword assigned to object position .
The state of the object space is described by a binary vector of
length with a 1 at position denoting the presence of an object
there. The sensor array output is a binary vector of length
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Fig. 1. Comparison of the coding efficiency of several UD and ZFD construction algorithms and the instances generated by our genetic search algorithm.

that is the element-wise inclusive logical OR of the columns
where position is occupied by an object

(1)

The elements of are the independent binary measurements of
each sensor.

In order to be able to discriminate the positions of up to ob-
jects simultaneously present in space, the inclusive logical OR
of all subsets of up to columns of encoding matrix must
be distinct from each other. The set of codewords (or equiv-
alently the matrix with those codewords as columns) with
such a property is called the uniquely decipherable code of order

(UD ) [1]. The matrix is also called -separable matrix, its
columns form the UD code.

If we further require that the inclusive logical OR of up to
columns does not cover any other columns, then the matrix
becomes a -disjunct matrix. A codeword vector covers

codeword vector if and only if the elementwise .
The columns of a -disjunct matrix form a ZFD code, the zero-
false-drop code of order [1]. A ZFD code is also a UD code,
but not vice versa.

A ZFD code provides fast decoding, the decoding time com-
plexity can be reduced from to [12]. This property
may be extremely useful if one is designing a large-scale sensor
network. There are also universal construction algorithms for
ZFD codes with fixed distance between codewords. The guar-
anteed distance between any pair of codewords is useful for
error detection and correction [13].

However, the ZFD code sacrifices coding efficiency to
achieve the above-mentioned properties. A UD code does
not provide fast decoding, but it can achieve higher sensing
efficiency due to the fewer constraints on code construction.

A UD code is ideal for small or medium scale applications
where measurements are reliable. One needs to balance these
factors to determine which code matrix is suitable for a specific
application. Our primary goal is to design an encoding matrix

to maximize the ratio of monitored positions to
number of sensors . By doing this, we can reduce the number
of sensor channels, system complexity, cost, and bandwidth
requirements.

III. CODE CONSTRUCTION

There have been a number of algorithms for the construction
of UD and ZFD codes since their first introduction in 1964
[1]. Macula introduces a uniform way of constructing a class of
ZFD codes with distance 1 [14]. Ngo and Du provide the con-
struction of two families of -disjunct matrices with general dis-
tance [13]. Among those reported algorithms, the parity check
based construction algorithm of Kautz and Singleton has
the highest efficiency. For small sizes of , the iterated com-
position method of Kautz and Singleton is superior. How-
ever, for larger , their efficiency drops, and, moreover, the con-
struction is only available for sparse values of . Fig. 1 shows a
comparison of the coding efficiency of several algorithms. The
ZFD class of codes cannot compete with the other algorithms.
The iterated composition of UD algorithms is actually attrac-
tive before been overpassed by the parity check UD .

For our experimental demonstration, we localize up to two
people simultaneously within a moderate number of positions.
The floor is segmented into 64 cells forming a square grid. Each
cell is assigned a unique codeword from UD , the uniquely de-
cipherable code of order 2. Since the number of positions is not
large and the number of people present simultaneously is only
two, we use a genetic search algorithm to find the most efficient
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Fig. 2. Pictorial representation of the 2-separable matrix we used for encoding the 64 space positions with 16 bit codes. Light-colored tiles correspond to 1 and
dark tiles to zero.

Fig. 3. Pictorial representation of the unique sensor states for all possible object states with up to two active positions. Light-colored tiles correspond to 1 and
dark tiles to zero.

UD code to encode the object space of 64 positions. It comes
out that only 16 sensors are required to localize up to two ob-
jects in 64 positions. It can be seen in Fig. 1 that the instances
generated by our genetic search, match or surpass the efficiency
of the other construction algorithms.

The fitness function of the genetic search is the ratio of the
number of unique sensor states over the number of all possible
states of interest. In our case, the number of source states of
interest are denoting the presence
of up to two sources. An individual in the genetic search is a
coding matrix that transforms the source states to the sensor
output states. A fitness value of 1 for an individual declares the
finding of a UD coding matrix.

The search starts with a generation of 40 individuals. The in-
dividuals are either random binary matrices or rows of nonop-
timal -separable matrices. A new population of 120 individuals
is constructed by exchanging random pairs of rows between in-
dividuals (parents) to get new individuals (children). Random
mutations may also flip a bit of an individual. The new gener-
ation is the set of 40 individuals with the highest fitness values
among the population. The search repeats the generation-popu-

lation cycle until an individual with fitness value equal to one is
found or an upper bound of iterations is exceeded.

To our knowledge, this is the first time a genetic algorithm
search has been used in the construction of a -separable matrix.
Although an estimate to the upper bound of columns has proven
to be for rows; no general construction method
exists. Fig. 2 shows a pictorial representation of the -sepa-
rable matrix we used for encoding the 64 space positions with
16 bit codes. The columns of the matrix are in reverse lexi-
cographic order. Fig. 3 shows a pictorial representation of the
unique sensor states for all possible object states with up to two
active positions.

There are several -separable matrices of optimal size. One
can determine certain matrices as more attractive when the
weight (sum) of the rows or the columns does not exceed
a bound, or when the total number of nonzero elements is
minimal. In addition, the distribution of the 1 and 0 elements
affects the complexity and/or cost of fabrication. In our fiber
floor sensor application, there are also considerations regarding
the assignment of codes to specific cells in order to minimize
the total length of the fiber used.
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Fig. 4. Schematic diagram of the sensor array consisting of LEDs, the fiber cable arranged in cells, light detectors, signal amplifiers, micro-controllers, and a
personal computer.

Fig. 5. Screen shot of the fiber tracking system interface.

There are, in total, available codes and only
2081 codewords are used. If, due to noise, a detected codeword
is not one of the 2081 valid codewords, it is rejected. Since only
about 3.2% of the total codewords are used, it is very prob-
able that erroneously detected codewords are among the unused
codewords.

The UD codes do not have the error detecting property of
ZFD codes to generate a code that does not belong to the code
family whenever more than two objects are present in the ob-
ject space. In such a case, a code corresponding to any two of
the objects might be generated and the fact that the object state
is beyond the design capability of the sensor system may pass
undetected.

IV. EXPERIMENT

The human model and fiber sensor response model are dis-
cussed in [7] where we show how to localize a single person on a
4 4 grid using four fiber sensors. With this experimental setup
we localize up to two people in 64 positions with 16 fiber chan-
nels. The fiber sensor consists of a fiber optic LED light source, a
fiber cable and a photo-darlington detector. The fiber cable is the
inexpensive E1000 plastic fiber with black PVC jacket. These
fiber cables are widely available since the 1960s and are nor-
mally used in short distance optical communication networks.
A hardware net layer is used where the fibers are tied to form
cells of 1.5 1.5 ft. The fiber cables are spread to produce the
desired microbending when there is pressure due to somebody
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stepping on a cell. The floor is topped with a regular rug. This
design makes the fiber floor net easier to deploy and move.

The 16 fiber cables connect fiber optic LED (IF-E96) light
sources to photo-darlington (IF-D93) detectors. Two micro-con-
trollers with eight channels each digitize the detector outputs
and pass them to a personal computer via a serial port. Fig. 4
displays a schematic diagram of the sensor array setup. Raw
data are converted into binary by thresholding. The thresholds
are set as 90% of the values of the raw data. The calibration of
threshold can be associated with an additional motion sensor.
When the motion sensor detects there is no action in the field,
the system begins an automatic process of self-calibration, in-
cluding threshold tuning. Once a person is detected, the system
initiates the tracking process. After thresholding, the binary data
from these channels are grouped to form a binary vector. The de-
tected binary vector is then decoded using a look up table. A cor-
responding space map is displayed to track the moving persons.
Fig. 5 shows the graphical user interface of our fiber tracking
system. The overall computational requirements for the signal
post processing of the fiber sensor array are minimal and can be
directly implemented in a micro-controller without the need for
a personal computer.

V. CONCLUSION

With this work, we demonstrate the deployment of a fiber
sensor with a coding design based on superimposed codes. We
design the fiber web in the form of a rectangular grid of cells to
locate and track up to two people simultaneously from the inclu-
sive logical OR of the unique codewords assigned to each cell.
The resulting codeword encodes the number of people and their
positions. With appropriate automations in construction (fiber
threads to be woven in rugs), the fiber sensor deployment can
be extended to efficiently locate a small number of people in a
very large number of positions.
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