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Distance measurement methodologies based on the
digital camera usually require time-consuming cali-
bration procedures, some are even derived from com-
plicated image processing algorithms resulting in low
picture frame rates. In a dynamic camera system, due
to the unpredictability of intrinsic and extrinsic pa-
rameters, odometric results are highly dependent on
the quality of extra sensors. In this paper, a simple and
efficient algorithm is proposed for relative distance es-
timation in robotic active vision by using a monocular
digital camera. Accuracy of the estimation is achieved
by judging the 2D perspective projection image ratio
of the robot labels obtained on a TFT-LCD (Thin Film
Transistor – Liquid Crystal Display) monitor without
the need of any additional sensory cost and compli-
cated calibration effort. Further, the proposed algo-
rithm does not contain any trigonometric functions
so that it can be easily implemented on an embed-
ded system using the Field Programmable Gate Array
(FPGA) technology. Experimental results are included
to demonstrate the effectiveness of the technique.

Keywords: FPGA, relative distance measurement, multi-
robot system, perspective projection image

1. Introduction

For relative distance measurement and localization in a
multiple robot system, the use of laser range finders [1],
ultrasonic sensors [2], or communication networks [3] is
quite popular. Laser range finders and ultrasonic sensors
use the concept of Time-of-Flight (TOF) to measure the
relative distance between two robots. In communication
networks, distance measurement requires a routing time
and also reception of a Radio Signal Strength Indication
(RSSI). The robot will then be able to perform odometry
by judging the attenuation of radio strength from adjacent
objects [4]. Although these sensors are feasible for range
measurement, there are few disadvantages due to the lim-
ited information content. For example, they may not be

able to comprehensively understand and model the oper-
ating environment. In contrast, digital cameras seem to be
more versatile owing to a large amount of information in
terms of texture, color, illumination, edges, optical flows,
distance, etc. Furthermore, while the use of laser, ultra-
sonic, and radio signals may be limited by active interfer-
ences due to crowded sensors, the camera, being a passive
sensor, has no such limitation.

Recently, the combination of infrared (or laser) and dig-
ital camera sensors is reported as a feasible technology for
odometry purposes via Time-of-Flight (TOF) measure-
ment using a camera. It measures the traveling time of
the reflected light between the camera and the target. This
distance is then presented in a depth map [5]. Unfortu-
nately, these kinds of camera designs usually have dis-
advantages in a low dynamic range of depth maps, high
power consumption for active illumination with LEDs,
and computational complexity [6]. Therefore, they are
generally not considered in the design of embedded sys-
tems in ubiquitous robotics [7] using ambient intelligence
whereby limited power capacity remains the first priority.

Despite possible improvements of power capacity with
energy saving components and new battery technologies
in the future, the real-time computation has become an is-
sue in wireless communication networks [8], where the
external server needs to accommodate to computation re-
quirements. This can lead to other problems due to inher-
ent bottlenecks of the network data throughput and secu-
rity problems. Consequently, in recent years, global cam-
era systems with onboard computation [9] are increas-
ingly popular in distance measurement. For a fixed cam-
era set up, it is possible to determine the distance to an ob-
ject based on color region [10] and optical properties [11]
as:
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where x is the distance from the object to the camera
lens with its perpendicular height ho, f is the lens focus,
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Fig. 1. Image projection in a global camera system with 2D
labels in single direction view.

and y is the image distance with relative pixel height h′o
on the camera digital sensor array. In practical applica-
tions, Eqs. (1) and (2) can also be modified for real-world
applications such as obstacle detection in smart car sys-
tems [12]. For this, it is convenient to compare the variant
dimension of images by shifting the camera position on a
straight line [11].

For indoor robot navigation, the control of multiple
robots in a formation often requires a flat floor and avail-
able information of relative distances between robots [13].
To localize robots markers are installed on the floor [14]
or attached as visual features onto the robots so that they
can be easily detected by a global camera system with-
out modifying the indoor environment [15]. However,
depending on where the camera is mounted, scene inter-
pretation and depth calculation may involve complicated
expressions, as illustrated in Fig. 1.

The separation distance between robots therein is ob-
tained by a trigonometric equation:

d = h
[

tan
(

θ0 + tan−1 y′0 +d ′

p

)

− tan
(

θ0 + tan−1 y′0
p

)]
. . . . . . . (3)

Here, h is the installation height of the camera lens, p is
the projected image distance from the image sensor ar-
ray to lens, y1 and y0 are the label lengths of leading and
following robots, the relative distance between the two
robots is d, and the lengths of images on a digital image
sensor array are respectively y′1, d ′, and y′0. When the fo-
cal length of lens is available, the intrinsic parameters for
Eq. (3) can also be decided by a complicated calibration
technique [16].

Although the distance given in Eq. (3) is a feasible so-
lution, in a dynamic camera system, the height of camera
and its tilting angle θ0 are usually changing. Furthermore,
the focal length of the camera might be unknown, recal-
ibrating camera for every operating instant may be a dif-
ficult requirement in real time. Those issues can be over-
come by integrating additional sensors and choosing high-
end cameras. However, the hardware risk may also occur

Fig. 2. Deployed robots and their perspective images.

with all uncertainties of additional sensory readings.
In this paper, we propose a new and efficient relative

distance measurement algorithm for monocular cameras,
based on the digital photography framework [17]. By de-
tecting the 2D labels on the top of indoor robots, the algo-
rithm can estimate the relative distance between robots by
calculating the Perspective Projection Image Ratio (PPIR)
of labels, motivated by the usually-adopted human’s use
of foot length in distance estimation but with a higher ac-
curacy. This algorithm can estimate the relative distance
of robots under various dynamic conditions such as un-
known tilt angle, height to lens, and focal length of the
camera without recalibrating or mounting extra sensors.
Moreover, by avoiding all complicated expressions in-
cluding trigonometric or exponential functions, the algo-
rithm can be implemented in an embedded system using
the FPGA technology [18]. Here, unlike [19] where the
CORDIC algorithm is used, the PPIR algorithm is based
simply on approximating a series.

The paper is organized as follows. In the second sec-
tion, the proposed PPIR algorithm is introduced, and the
test schemes and results obtained on an FPGA platform
are presented in Section 3. Discussion is given in Sec-
tion 4. Finally, a conclusion is drawn in the last section.

2. PPIR Algorithm

Let us first assume that 2D circle labels are fixed on
top of robots and the floor is flat. Estimated distances
in lateral and longitudinal are discussed separately in the
following subsections.

2.1. Estimation of Longitudinal Distance
A typical configuration of multiple robots in a forma-

tion and its perspective view on the TFT-LCD monitor is
shown in Fig. 2, where label lengths for the leader and
follower are respectively y1 and y0. They are separated by
a distance d in longitudinal direction.

To find the real relative distance d by utilizing the per-
spective images with labels of the same dimension, the
ratio between this distance and the label length can be ex-
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pressed as:

d ′

y′0
≤ d

y0
≤ d ′

y′1
, and y0 = y1 . . . . . . . (4)

where y′0, y′1 and d ′ represent respectively the relative per-
spective length of the follower, leader, and their relative
distance on the flat monitor. Consequently, if both robots
are very close to each other or the camera is perpendicu-
larly oriented to the floor, the real distance may be roughly
estimated by the average of the perspective label lengths:

d
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∼= 1
2

(
d ′

y′0
+

d ′

y′1

)
= d ′(

y′0 + y′1
2y′0y′1

). . . . . (5)

In real world operations, Eq. (5) will result in an intolera-
ble error when the leader is moving further away, because
the fast decreasing label length of the leader will be dom-
inant, thus yielding a large positive error. Therefore, the
ratio Rv denoted as d/y0 can be estimated by its upper and
lower limits as given in the following proposition.

Proposition 1: With a sufficiently small tilting angle, the
ratio Rv is found between an upper limit, which is the av-
erage Perspective Projection Image Ratio (PPIR), and a
lower limit as given in the following inequality:

d ′(
y′0 + y′1
2y′0y′1

) ·δy ≤ Rv ≤ d ′(
y′0 + y′1
2y′0y′1

), . . . . (6)

where δy = y′1/y′0.

Proof:
To prove the relationship Eq. (6), one can translate the
perspective image as:

y′0 = ky0, y′1 = λ y0, . . . . . . . . . (7)

where λ ≤ k ≤ 1. So, with y0 = y1 and a small angle
θ0, due to similarity one can use the following trapezoidal
formula:

d ′ ∼= d(y′0+ y′1)
y0 + y1

=
Rv(λ y0 + ky0)

2
, . . . . (8)

where Rv denotes the ratio d/y0. Now by substituting

d ′
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=
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2k

, . . . . . . . . . . . (9)

and
d ′
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=
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, . . . . . . . . . . . (10)

into Eq. (5) and noting (λ + k)2 ≥ 4λ k, one has
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This verifies the upper limit in Eq. (6). The lower limit
can also be derived by noting λ ≤ k:

Rv (λ + k)2

4kλ
λ y0

ky0
=

Rv (λ + k)2

4k2 ≤ d
y0
. . . . (12)

So the new estimated distance range can be rewritten as
in Eq. (6).

The above proposition suggests the use of a coefficient
δv which is greater than δy but less than 1 in order to esti-
mate the real relative distance ratio in longitudinal direc-
tion as:

d
y0

= Rv ∼= 1
2
(

d ′

y′0
+

d ′

y′1
) ·δv, δy ≤ δv ≤ 1 . . (13)

To approximate δv in the proposed algorithm, we note the
convergent series:

∞

∑
i=1

1
2i = 1, . . . . . . . . . . . . . . (14)

which leads to the choice

δv = δy +
n

∑
i=1

1
2i (1−δy) =

(2n −1)y′0 + y′1
2ny′0

. . (15)

According to our experiments by using several generic
digital cameras, the reasonable value for δv is obtained
when n is between 3 and 4 for an expected tolerance less
than 5% of the real distance.

Remark 1: By using Eq. (15) we can avoid the calcula-
tion of trigonometric functions in Eq. (3), and hence such
algorithm as the CORDIC [20] is not used in our design.

Remark 2: It can be seen that coefficient δv can be ad-
justed automatically without requiring any additional op-
tical installation or information of the camera. Particu-
larly, in the case when both robots are found closely to
each other or the camera has a zero tilt angle, the leader’s
label length y′1 will converge to the label length of the
follower, y′0. This makes δv approach 1, and therefore
Eq. (15) is simply brought to Eq. (5).

2.2. Estimation of Lateral Distance

In the lateral displacement of the robotic formation,
shown in Fig. 2, the leader is moving parallelly to a fol-
lower on its left side. The label width of the leader, fol-
lower, and relative distance in real world coordinates are
denoted as x1, x0, and s as shown in Fig. 2(a), while the
relative parameters of the perspective images are x′1, x′0,
and s′, as shown in Fig. 2(b). In the lateral direction the
relative distance may be estimated by using the above al-
gorithm. However, due to the perspective phenomenon
displaying on the TFT-LCD monitor, the oval image of
the leader will be a little bit smaller than its follower
(Fig. 2(b)). Correspondingly, coefficient δx can also be
redefined as x′1/x′0. Now it follows that

s′(
x′0 + x′1
2x′0x′1

) ·δx ≤ s
x0

≤ s′(
x′0 + x′1
2x′0x′1

), . . . . (16)

where
s
x0

= Rh ∼= s′(
x′0 + x′1
2x′0x′1

) ·δh. . . . . . . . (17)
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Finally, in light of Proposition 1 and by noting the δx ≤
δh ≤ 1, coefficient δh for the PPIR in the lateral direction
is chosen as

δh = δx +
n

∑
i=1

1
2i (1−δx) =

(2n −1)x′0 + x′1
2nx′0

. . (18)

2.3. Estimation of Euclidean Distance
Consider now the generic case of a triangular robotic

formation, where the hypotenuse distance is obtained as:

Rs =
√

R2
v +R2

h. . . . . . . . . . . . . (19)

Remark 3: On the monitor screen, it may not be ready
to determine the PPIR horizontal distance Rh of such a
triangular formation due to the unavailability of the lat-
eral label width with respect to the follower at the centre-
line. For reference, a virtual width xt is adopted for x′0 in
Eqs. (16)-(18) as:

xt = αx′0 = x′1, . . . . . . . . . . . . (20)

where α is decided empirically such that the average error
is less than 5% at any reasonable operational location in
a half plane. This is illustrated in Fig. 3 for deriving the
relative distance in the lateral direction.

3. Experimental Results

3.1. Static Estimation
For the PPIR static estimation, the rigid circles (la-

bels) are installed horizontally on top of miniature mo-
bile robots, the Eyebots, having the same height. Circular
discs are cut with 10 cm of diameter and the separation
distance is set to 1 m edge to edge. The “blue” colour is
chosen for the labels to improve the contrast. The general
camera is used with 5M pixel resolution and adjustable
focus from 7.1 to 21.4 mm. The focal length change is
judged by reading the relative adjustable aperture range
from f2.8 to f4.8. Constant α is set at 0.95.

To verify the estimation, the robots’ perspective images
are measured by a digital caliper. Fig. 4 shows some of
tested schemes with PPIR algorithm. From Figs. 4(a) to
(d), the images with the same longitudinal deployment are
captured randomly by different tilted angles, installation
heights, and focuses. In Fig. 4(e), a basic triangular lay-
out in the left plane is shown for simulating a formation
scenario, where the robot located on the left-top corner
represents the leading robot and the follower located at
the bottom. The robot at the middle-top represents the
virtual robot included here to account for the selection of
constant α .

The estimation results about choosing the degree n for
values of δv and δh in Eqs. (15) and (18) are demonstrated
in the Table 1. When n = 3, the PPIR estimation has
negative error while the positive error is observed with
n = 4. The measured errors here are defined as the differ-
ence between the real value, 100 cm (141.5 cm), and the
estimated distance in percentage.

Fig. 3. Extended PPIR estimation in the lateral direction.

Table 1. PPIR test results with different degrees of n.

Tests Real Distance Error n = 3 Error n = 4
(cm) (%) (%)

(a) 100 −3.37 +0.58
(b) 100 −2.3 +1.31
(c) 100 −3.17 +1.6
(d) 100 +4.7 +9.72
(e) 141.5 −1.7 +0.35

Table 1 gave a summary to show the accuracy of PPIR
in relative distance estimation. The value n = 3 yields less
than 5% in error, which is quite satisfactory.

3.2. Dynamic Estimation
The devices used in the test scenarios are shown on

Fig. 5. The Altera DE2-70 with Cyclone II FPGA is cho-
sen as the FPGA development platforms used. For the
miniature digital camera module, the Terasic TRDB-D5M
is adopted with the maximum resolution for 5M pixels
and fixed focal length. The frame rate of the camera is set
for 34 fps with 1024×1280 pixels resolution.

Continuing our previous work on FPGA-based color
discrimination [21], here we utilize a mobile robot car-
rying three bull-eye labels in a row formation. The leader
is settled at the central position while followers are lo-
cated at the both sides. One of the FPGA platforms is
assigned to track the robots’ labels by locating the blue
circles in the inner area of labels. Meanwhile, another
platform observes the relative ratio reading from the first
FPGA platform. The blue circles are cut with a diameter
of 6 cm, the arranged relative distance for any follower to
the leader is 24 cm measuring from central points of the
circular discs. Order n and α are chosen respectively as 3
and 0.95. Finally, results from both FPGA platforms are
directly output to two TFT-LCD monitors via the VGA
interface on the FPGA chips. The camera frame rates are
shown on the 7-segment LED indicators as “22” reading
in hexadecimal.

Figure 6 shows snapshots captured from the distance
estimation video. The images presented on the left mon-
itor screen show labels tracked from the ducking area
while the measured relative distances are shown on the
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(a) Camera height: 111 cm/ tilted angle : 30◦/ aperture: f4.0. (b) Camera height: 111 cm/ tilted angle : 75◦/ aperture: f4.8.

(c) Camera height: 51 cm/ tilted angle: 90◦/ aperture: f2.8. (d) Camera height: 19 cm/ tilted angle: 90◦/ aperture: f4.0.

(e) Camera height: 112 cm/ tilted angle: 30◦/ aperture: f2.9.

Fig. 4. Different scenarios in static testing.

right monitor screen, corresponding to the values at A and
B positions. The reading are updated for every 0.5 second,
and displayed by the ratio for 1 to 100, e.g., a distance of
4 (PPIR labels) is displayed as 400. The satisfactory ac-
curacy of PPIR estimation can be verified from the results
shown in Figs. 6(a), (b), and (c).

All functions are implemented in hardware circuits for
real-time processing taking into account the efficiency of
logic gate usage. To achieve this, the floating point oper-
ations are not considered in our design. Here we suggest
the floating number in PPIR algorithm to be re-scaled by
simply multiplying 100 and keep the numbers in unsigned
values for the basic binary operations, and the square
root in Eq. (19) is executed by the abridged approxima-
tion [22]:

Fig. 5. FPGA platform and digital camera module.

√
R2

v +R2
h
∼= max(((a−0.125a)+0.5b) ,a) , . (21)

where a = max(|Rv|, |Rh|), and b = min(|Rv|, |Rh|).
A simulated timing sequence of the PPIR algorithm be-
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Fig. 6. PPIR estimation in dynamic testing.

tween two labels is shown in Fig. 7.
In implementation, the parallel processing circuit

works with the camera pixel clock Pixel clk of 77 MHz.
The relative distance is calculated at the final line of the
image sensor array, iYcont = 1023. The circular width
and length labels expressed in pixels number are assigned
as R leader, L leader, R follower, L follower, Up leader,
Down leader, Up follower, and Down follower. The
PPIR ratios in longitudinal and lateral directions are at-
tained in 8 clocks (80 ns), see rRatio v and rRatio h, then
the output results are obtained at oRatio v and oRatio h.
The hypotenuse ratio by square rooting is performed only
in 1 clock, shown in the last item “Distance.”

The total resource usage of the FPGA platform is 30%
of 68,416 logic elements in Cyclone II. That includes all

Fig. 7. Timing sequence of the PPIR algorithm.

image processing, labels tracking, VGA interface, test cir-
cuits for LCD displayer and 7-segment indicators, and the
relative distance estimation for three robot labels.

4. Discussion

We have obtained satisfactory results in estimation of
the relative distance between robots during static and dy-
namic test results with different cameras. It can be seen
that the proposed algorithm can satisfactorily estimate the
relative distance by using the perspective image changing
ratio between robots. Moreover, the PPIR technique can
track the real changing curve of the perspective distance
without involving any complicated mathematical func-
tions.

In reference to Eq. (3), computation time can be sig-
nificantly reduced even without using a look-up table in
memory, as in [19, 20]. Since a look-up table of CORDIC
in external memory and floating point operations are not
used in our design, resource usage can also be kept mini-
mal, less than recursive computation.

Notably, the results obtained by using the proposed
technique are not much affected by camera parameters.
For example, within a reasonable working range, the PPIR
algorithm is insensitive to the camera focal length. From
Fig. 4 and Table 1, it can be seen that the algorithm still
maintains its accuracy even when the camera’s focus is
changed (variant aperture readings). Hence, the proposed
technique can also be used with changing views with an
adjustable focus for higher quality imaging.

The label designed as a circle leads to an elliptical
shape in the perspective view for a better illustration of
the derivation of the relative distances in both lateral and
longitudinal directions. For different object sizes (robots),
the dual circles in a concentric design may be used. After
estimating the PPIR distance for the inner circle, the rel-
ative distance with larger dimensions of circles (robots)
can be obtained by deducting the difference of radii from
the PPIR distance.
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5. Conclusion

In this paper we have proposed a new relative distance
measurement algorithm for multi-robot systems with least
calibration and computation efforts. With conventional
distance measurement techniques, the low dynamic range
of depth maps, complicated image algorithms, and high
power consumption for active illumination may make the
time-of-flight methodology unsuitable for compact indoor
robot design. In contrast, the PPIR algorithm with a single
digital camera is immune to these mentioned concerns.
The algorithm is based on the upper and lower bounds
of the perspective image ratio. By observing the labels
attached to indoor mobile robots, the algorithm can cal-
culate the relative distance accurately and instantly with
different ratios between perspective labels and distance
images. Simplicity in the algorithm derivation allows it to
be implemented with the Field Programmable Gate Array
(FPGA) technology. Experimental results demonstrate
the effectiveness of the proposed technique.
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