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origin and travel along the surface of the wall.  The terminology traveling “through the wall” 

is intended to mean that the signal propagates within the thickness of the wall or along a 

surface of the wall, as opposed to the signal passing through the entire thickness of the wall 

and across the internal volume  of the container that is bounded by the wall.  The signals 

propagate  through the wall in one or more of the directions that the wall extends (e.g., in the 5 

circumferential direction 118 about the container’s circumference, in the longitudinal 

direction 116, and/or a combination of the foregoing).  In the exemplary implementation of 

the system 100 on a cylindrical storage container shown in FIG. 1, the signals preferably 

travel circumferentially about the wall of the container in, generally, a clockwise direction 

112 and a counter-clockwise direction 114.  However, it can be appreciated that, in some 10 

implementations, one or more of the transducers can be configured to transmit signals 

through the internal volume of the container. 

Various types of signals or “waves” can be transmitted and detected using the 

transducers and sensors.  As noted, the signals generally fall into the broad category of 

mechanical waves and, in the non-limiting exemplary implementations described herein, 15 

acoustic waves.  In some implementations, the distance measurements can be based on 

surface waves and/or compression waves moving inside the material itself, as the sensors can 

be configured to detect one or more different types of waves.  Assuming accurate calibration 

of the speed of the wave in the medium, the particular type of wave that is being measured 

does not necessarily impact the corresponding distance measurements, so long as the 20 

assumed speed of the wave remains consistent.   

In some implementations, measurements based on surface waves can be preferable as 

they move up and down relative to the surface with the steepest amplitude and can be easier 

to detect.  In general, primary waves can travel faster than secondary waves as they move 

through a medium, and surface waves travel more slowly than secondary waves.  25 
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schemes.  For example, robots can be controlled by the control computer 110 to 

systematically move the sensors and/or the transducer into different positions on the container 

wall (e.g., various heights, relative positions, absolute positions etc.) such that acoustic 

measurements can be taken for each arrangement of devices and the measurements can 

thereafter be analyzed individually and in combination to generate a detailed map of the 5 

container’s shape and, more particularly, the container volume.    

The exemplary control computer 110 is further described in reference to FIG. 2.  As 

shown, the control computer 110 can be arranged with various hardware and software 

components that serve to enable operation of the system 100, including a circuit board 1215, 

a processor 210, a memory 220, a display 235, a user interface 225, a communication 10 

interface 250 and a computer readable storage medium 290.   

The processor 210 serves to execute software instructions that can be stored in the 

storage 290 and loaded into the memory 220. The processor 210 can be a number of 

processors, a multi-processor core, or some other type of processor, depending on the 

particular implementation.  The display can be displayed on a touchscreen or other display 15 

operatively coupled to an input device (not shown). 

Preferably, the memory 220 and/or the storage 290 are accessible by the processor 

210, thereby enabling the processor 210 to receive and execute instructions stored on the 

memory 220 and/or on the storage 290.  The memory 220 can be, for example, a random 

access memory (RAM) or any other suitable volatile or non-volatile computer readable 20 

storage medium.  In addition, the memory 220 can be fixed or removable. The storage 290 

can take various forms, depending on the particular implementation.  For example, the 

storage 290 can contain one or more components or devices such as a hard drive, a flash 

memory, a rewritable optical disk, a rewritable magnetic tape, or some combination of the 
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CLAIMS 

 

1. A method of measuring a volume of a storage container using a plurality of acoustic 

devices, the plurality of acoustic devices including a transducer and one or more sensors, the 

method comprising: 

deploying the plurality of acoustic devices into respective positions on an exterior 

surface of a circumferential wall of the container, wherein the one or more sensors are 

acoustically coupled to the surface and configured to detect one or more pulses propagating 

circumferentially along the wall of the container, and wherein the transducer is acoustically 

coupled to the surface and is configured generate the one or more pulses, wherein the one or 

more pulses radiate along the wall away from the transducer and toward the one or more 

sensors in at least a first circumferential path and a second circumferential path; 

generating the one or more pulses using the transducer, wherein each pulse is 

generated at an impulse time;    

detecting, using the one or more sensors, the one or more pulses radiating along the 

first circumferential path and the second circumferential path and recording a respective time 

that the one or more pulses radiating along a respective circumferential path are detected; 

calculating, by a computing device in electronic communication with the one or more 

sensors based on the impulse time and respective detection times, respective times of flight 

(TOFs) for the one or more pulses, wherein each respective TOF is an elapsed time for the 

pulse to travel between two of the acoustic devices along a particular circumferential path; 

calculating, with the computing device, respective distances between the acoustic 

devices in each of the first and second circumferential directions based on the respective 

TOFs and a speed of sound through the wall; and 

determining, with the computing device, the volume of the storage container based on 

the calculated respective distances. 



   

44 

 

2. The method of claim 1, wherein deploying the plurality of acoustic devices comprises 

deploying at least a first acoustic sensor and a second acoustic sensor at respective positions 

that are separated by a known distance, and further comprising the steps of:  

calculating, with the computing device, a TOF for the pulse radiating between the first 

and second acoustic sensors having the known separation distance; and 

calculating, with the computing device, the speed of sound through the wall based on 

the TOF of the pulse radiating between the first and second acoustic sensors and the known 

separation distance.   

3. The method of claim 1, further comprising: 

aligning at least two of the acoustic devices in one or more of a transverse and 

longitudinal direction relative to the circumferential wall of the container based on the 

calculated TOFs. 

4. The method of claim 3, wherein the step of aligning comprises: 

iteratively adjusting the respective position of one or more of the acoustic devices on 

the surface in one or more of the transverse and longitudinal directions, and  

repeating the steps of generating, detecting and calculating TOFs until one or more re-

calculated TOFs indicate that the respective positions of at least two of the acoustic devices 

are aligned in one or more of a transverse and longitudinal direction.  

5. The method of claim 4, wherein the deploying step comprises deploying the one or 

more acoustic devices at respective positions on the surface using one or more robots that are 

operated under the control of the computing device. 

6. The method of claim 4, wherein the step of iteratively adjusting the respective 

position of one or more of the acoustic devices comprises: 

moving the transducer a prescribed amount in the longitudinal direction using the 

computing device and a robot, wherein the respective position of the transducer and the 
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prescribed amount is measured in near-real time using one or more position sensors on-board 

the robot.   

7. The method of claim 1, wherein deploying the plurality of sensors on the surface of 

the container at respective positions comprises deploying the plurality of sensors at different 

respective heights on the surface of the container;  

incrementally re-positioning the transducer in the longitudinal direction along the 

surface of the container using a robot; 

 repeating the steps of generating, detecting and calculating TOFs for the one or more 

pulses for each position of the transducer; 

determining, based on the calculated TOFs, whether the transducer is aligned with one 

or more of the sensors in the longitudinal direction; and 

calculating, based on the calculated TOFs, the circumference of the container at each 

position in which the transducer is determined to be in alignment with one or more of the 

plurality of sensors. 

8. A system for measuring a volume of a storage container, the system comprising: 

a plurality of acoustic devices configured to be deployed at respective positions on an 

exterior surface of a circumferential wall of the container, the acoustic devices including:  

a plurality of sensors configured to be acoustically coupled to the 

circumferential wall and to detect one or more pulses radiating circumferentially 

along the wall of the wall of the container, 

a transducer configured to be acoustically coupled to the surface and generate 

the one or more pulses, wherein the one or more pulses radiate along the wall of the 

container away from the transducer and toward the plurality of sensors along 

respective circumferential paths; and 

a control computing system comprising: 
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a non-transitory computer readable storage medium, 

one or more processors in electronic communication with the plurality of 

acoustic devices, a robot and the computer readable storage medium, 

one or more software modules comprising executable instructions stored in the 

storage medium, wherein the one or more software modules are executable by the 

processor and include: 

a signal control module that configures the processor to, using the 

transducer, generate the one or more pulses using the transducer at respective 

impulse times, wherein the signal control module further configures the 

processor to, using the sensors, detect the arrival of the one or more pulses at 

the sensors, respectively, and record respective detection times, 

a signal analysis module that configures the processor to calculate, 

based on the respective impulse times and respective detection times, 

respective times of flight (TOFs) for the one or more pulses, wherein 

respective TOFs are an elapsed time for the pulse to travel between two of the 

acoustic devices along a respective circumferential path, and 

a geometric analysis module that configures the processor to calculate 

distances between the acoustic devices based on the respective TOFs and a 

speed of sound through the wall, and to calculate the volume of the storage 

container based on the calculated distances. 

9. The system of claim 8, further comprising:  

a robot configured to deploy one or more of the acoustic devices on the surface of the 

circumferential wall, wherein the robot includes a drive system and one or more position 

sensors for monitoring a position of the robot, wherein the robot is configured to controllably 

deploy the one or more acoustic devices on the surface; and 
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a position control module, among the software modules, wherein the position control 

module configures the processor to, using the robot, iteratively adjust the respective position 

of the transducer on the surface in the longitudinal direction and re-calculate respective TOFs 

until the transducer is aligned in the longitudinal direction with at least one of the acoustic 

sensors, wherein alignment achieved when a minimum re-calculated TOF of a pulse traveling 

between the transducer and the at least one sensor is identified by the processor.  

10. The system of claim 8, wherein the plurality of sensors include at least a first acoustic 

sensor and a second acoustic sensor deployed at respective positions that are separated by a 

known distance in one or more of the longitudinal direction and transverse direction.   

11. The system of claim 10, wherein the signal analysis module further configures the 

processor to calculate a TOF for the pulse radiating between the first and second acoustic 

sensors having the known separation distance and further configures the processor to 

calculate the speed of sound through the wall based on the TOF of the pulse radiating 

between the first and second acoustic sensors and the known separation distance.   

12. The system of claim 10, further comprising:  

an array of acoustic sensors, the array including at least two parallel longitudinal rows 

of acoustic sensors, and the wherein acoustic sensors in a longitudinal row are spaced apart a 

known longitudinal spacing, and wherein the two rows are spaced apart in the transverse 

direction a known transverse spacing. 

13. A system for measuring a volume of a storage container, the system comprising: 

a plurality of acoustic devices configured to be deployed at respective positions on an 

exterior surface of a circumferential wall of the container, the acoustic devices including:  

a plurality of sensors configured to be acoustically coupled to the 

circumferential wall and to detect one or more pulses radiating circumferentially 

along the wall of the container, 
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a transducer configured to be acoustically coupled to the surface and generate 

the one or more pulses, wherein the one or more pulses radiate along the  the wall of 

the container away from the transducer and toward the plurality of sensors along 

respective circumferential paths; 

a robot configured to deploy one or more of the acoustic devices on the surface of the 

circumferential wall, wherein the robot includes a drive system and one or more position 

sensors for monitoring a position of the robot, wherein the robot is configured to controllably 

deploy the one or more acoustic devices on the surface; and 

a control computing system comprising: 

a non-transitory computer readable storage medium, 

one or more processors in electronic communication with the plurality of 

acoustic devices, the robot and the computer readable storage medium, 

one or more software modules comprising executable instructions stored in the 

storage medium, wherein the one or more software modules are executable by the 

processor and include: 

a signal control module that configures the processor to, using the 

transducer, generate one or more pulses using the transducer at respective 

impulse times, wherein the signal control module further configures the 

processor to, using the sensors, detect the arrival of the one or more pulses at 

the sensors, respectively, and record respective detection times, 

a signal analysis module that configures the processor to calculate, 

based on the respective impulse times and respective detection times, 

respective times of flight (TOFs) for the one or more pulses, wherein 

respective TOFs are an elapsed time for the pulse to travel between two of the 

acoustic devices along a respective circumferential path, 
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a geometric analysis module that configures the processor to calculate 

distances between the acoustic devices based on the respective TOFs and a 

speed of sound through the wall, and to calculate the volume of the storage 

container based on the calculated distances, and 

a position control module that configures the processor to, using the 

robot, iteratively adjust the respective position of one or more of the acoustic 

devices on the surface and re-calculate respective TOFs until at least two of 

the acoustic devices are aligned in one of a transverse direction and a 

longitudinal direction, wherein alignment of the at least two devices is 

achieved when the re-calculated TOF of a pulse radiating between the at least 

two acoustic devices is minimized.  

14. The system of claim 13, wherein the plurality of sensors include at least a first 

acoustic sensor and a second acoustic sensor deployed at respective positions that are 

separated by a known distance in one or more of the transverse direction and the longitudinal 

direction.   

15. The system of claim 14, wherein the signal analysis module further configures the 

processor to calculate a TOF for the pulse radiating between the first and second acoustic 

sensors having the known separation distance and further configures the processor to 

calculate the speed of sound through the wall based on the TOF of the pulse radiating 

between the first and second acoustic sensors and the known separation distance.   

16. The system of claim 13, wherein the processor is configured to control alignment of at 

least two of the acoustic devices in one or more of a transverse and longitudinal direction 

relative to the circumferential wall of the container based on the calculated TOFs. 
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17. The system of claim 16, wherein the position control module configures the processor 

to adjust the position of the transducer a prescribed amount in the longitudinal direction until 

the transducer is aligned with one or more of the plurality of sensors.  

18. The system of claim 17, wherein the processor is configured to calculate the 

circumference of the container for each position in which the transducer is aligned with the 

one or more of the plurality of sensors. 


