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Abstract. In the current work the endoscopy and retrieval of mortar covered 

mosaic patterns, such as the Hagia Sophia ones, is presented. In particular, an 

appropriate instrumentation is developed combining ultrasonic tomography and 

an accurate motion planning. The acquisition of high-response tomographic im-

ages is performed utilizing transducers in a linear array through the efficient 

control of their phase characteristics both in transmit and receive modes. More-

over, an accurate mechanical adaptation is designed in order to move the ultra-

sonic probe with a constant velocity. Then, a sequence of tomographic images 

is recorded and the 3D endoscopic characteristics of the measured object are ex-

tracted via the effective reconstruction of the 3D volume. This device is used on 

a realistic Hagia Sophia mosaic replica that is covered by a thick mortar layer. 

The evaluated results indicate a complete 3D reconstruction of the hidden mo-

saic in micrometric resolution, while the inner details of individual tesserae are, 

also, recovered. 

Keywords: beam forming mosaic tessera tomography. 

1 Introduction 

During the recent history of cultural heritage science, various techniques from 

physics, chemistry and engineering have been utilized for the identification of the ma-

terial and structural composition of an artwork [3]. A notable example is the utilization 
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of ultrasound tomography for surface mapping and stratigraphy extraction of an ob-

ject that is under investigation [2]. Specifically, ultrasonic transducers in a linear array 

are able to support the high-response tomographic image reconstruction through the 

efficient manipulation of their phase-shift both in transmit and receive mode. However, 

single tomographic images are not adequate to reveal the complete structure of the 

examined object, thus a 3D approach is required. Such a case is the Hagia Sophia mosa-

ics that are covered with a thick mortar layer and the reconstruction of their pattern, in a 

non-destructive manner, is required to unveil iconic Byzantine art aspects 

In this paper, we present an integrated platform that combines ultrasonic tomogra-

phy with accurate mechanical adaptations for the non-destructive 3D endoscopy of 

Hagia Sophia clone mortar-covered mosaics in order to retrieve their pattern. Initially, 

a functional, versatile and multi-degree of freedom linear array of ultrasonic transduc-

ers is examined in terms of the required phase-shift to achieve the high-response single 

tomographic imaging. Then, the appropriate mechanical adaptations are designed for 

the accurate motion of the ultrasonic probe via constant velocity. The sequence of the 

tomographic images is recorded throughout the entire motion of the probe, while the 

3D image reconstruction is achieved considering the ratio of the constant velocity to 

the image resolution. The proposed instrumentation is, then, used on a realistic Hagia 

Sophia mosaic replica, covered by a thick mortar layer. The ultrasonic tomography 

acquisition and the subsequent 3D reconstruction reveals a high fidelity hidden mosaic 

pattern with an image resolution that is in a micrometric order. 

2 Instrumentation 

2.1 Phased array for tomographic image acquisition 

Principle of operation The phased array probe consists of N small ultrasonic trans-

ducers, each of which can be pulsed independently. By varying the timing, for instance 

by making the pulse from each transducer progressively delayed going up the line, a 

pattern of constructive interference is set up that results in radiating a quasi-plane ul-

trasonic beam at a set angle depending on the progressive time delay. In other words, by 

changing the progressive time delay the beam can be steered electronically. It can be 

swept like a search-light through the tissue or object being examined, and the data from 

multiple beams are put together to make a visual image showing a slice through the 

object. Moreover, focusing of the transmitted beam can be accomplished by combin-

ing a parabolic timing relationship with a linear one to produce a beam which is focused 

at a given range and propagated at a specific angle. The following generalized focus-

ing formula is derived to compute the required time delays 

 

where tn is the required time delay for element n = 0, . . . , N    1, Ñ = (N    1)/2, d is the 

center-to-center spacing between elements, F is the focal length from the center of the 
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array, ϑ is the steering angle from the center of array and c the speed of sound. This 

generalized focusing time delay formula is valid for any number of array elements 

(even or odd), while by eliminating the constant t0, the formula guarantees positive 

time delays which do not have to be larger than necessary 

 

Fig. 1. (a) Stimulation signals and (b) amplitude of pressure of a linear phased array achieving 

a beam that is directed towards 10◦ and focused at 10 mm applying a Hann weighting function 

for apodization. 

One major problem of phased array excitation is the “sidelobes” that can appear to 

be false echoes of the beam profile region. For this reason, apodization techniques are 

utilized by weighting the amplitude of the normal velocity across the array. Specifi-

cally, it is accomplished by simply exciting individual elements in the array with dif-

ferent voltage amplitudes, defined by popular weighting functions such as Hann 

 
or gaussian 

 
where α a properly defined constant. A simple scenario of a phased array transducer is 

numerically investigated [8], where 64 piezoelectric elements are utilized and stimu-

lated so that the beam is directed towards 10◦ and focused at 10 mm from the phased 

array center, while a Hann weighting function is used for apodization. Some selected 

signals are sketched in Fig. 1 and the extracted pressure amplitude in Fig. 1 proves the 

successful implementation of the desired characteristics. 

Multi-line acquisition beam forming An interesting observation is that the beam 

does not need to be the same in the transmit and receive phase and this is certainly the 

case with multiline acquisition beam forming. The basic idea behind this approach is 

to transmit a wide beam, so that a large area is insonificated, and then make use in re-

ceive of multiple, narrower beams, in order to form several A-scans along different 

directions for each transmission event. In this way, multiple lines are formed in paral-

lel, thus increasing the frame rate and improving the temporal resolution. The receive 

phase is in fact defined by how the different signals received by all of the array ele-
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ments are combined to form a line of the image 

Therefore, it is possible to apply different phase sets and apodization masks to the 

signals received after a single transmission event, thus allowing the formation of mul-

tiple lines in parallel at varying focusing points. The combination through image fu-

sion of the multiple images is able to enhance significantly the quality of the final 

tomographic image. It is evident that a wider beam can be achieved by using, without 

focusing, a small subaperture at the center of the array during transmission [5–7, 9]. 

The multiline acquisition method can be applied efficiently to achieve a gain in the 

frame rate, it can also be applied to improve the signal-to-noise ratio and contrast by 

simply averaging consecutive images obtained at a higher temporal resolution than 

with standard beam forming (i.e., techniques where only one line is generated per 

transmission event). Moreover, it can also be used to image a larger field of view. In 

this case, the gain in acquisition rate is used to widen the area covered by the imaging 

system. To summarize, image lines could be formed in parallel, meaning that 

– the temporal resolution can be improved, 

– consecutive images can be fused to enhance the quality, 

– a larger field of view can be established, 

– a combination of these gains could be achieved by spending the higher data 

acquisition rate in the most desirable way (e.g., fusion of less consecutive images 

and thus improving the signal-to-noise ratio while still improving also the frame 

rate). 

2.2 Mechanical adaptations for volume acquisition 

As it is described in the previous section, a linear phased array is capable of acquir-

ing tomographic images at high data rate. It is evident that a possible combination of 

consecutive images at slightly different positions, as depicted in Fig. 2 

 
Fig. 2. Acquisition of consecutive tomographic images via the controlled motion of the linear 

phased array. 

can provide a measurement of an entire 3D region of interest.  This is achieved using 

a precise mechanical adaptation for the motion of the phased array parallel to the 

tomographic image normal vector with a constant velocity v  [mm/sec]. Furthermore, 
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considering a constant frame rate fr [frames/sec] of tomographic image acquisition, 

the number of frames per distance is straight- forwardly calculated 

 
Now, this value must be connected to the resolution [pixel/mm] of any single tomo-

graphic image (that is defined straightforwardly via the ultrasonic measure- ment) by 

enforcing 

 
Obviously, these values may not be identical and consequently the initial tomo- 

graphic images are resized by the factor 

 

Finally, the images are combined into a single file that is fully compatible to the DI-

COM format, following the DICONDE standard [1] and extending its proper- ties by 

inserting modality-specific information, when necessary. The DICONDE standard 

was developed by the Non-Destructive Testing/Evaluation (NDT or NDE) community 

to reduce the cost of storage, making it easy to share and compare imaging infor-

mation and enabling quantitative analysis. This way, the produced volumes can be 

loaded into third-party processing, medical and NDT software platforms with ease, 

such as 3D-SLICER [4], MITK [10] and MatlabTM for postprocessing and visualiza-

tion purposes. 

3 Operational Analysis 

3.1 Test-case description 

The operational status of the proposed instrumentation is examined and validated 

using a specific test case scenario including a mosaic pattern that is covered by thick 

mortar, as demonstrated in Fig.3. Initially, a preparation layer is placed and the mosa-

ic, that simulates realistically the technique of the ones in Hagia Sophia, Constantino-

ple, is designed over it. The utilized tesserae are, also, formed to approximate the real 

ones, in terms of their dimensions and structure. Finally, a 1 cm thick mortar is placed 

to cover entirely the designed mosaic. 

3.2 Non-destructive acquisition of 3D sub-surface details 

The structure of the clone mosaic is measured using the proposed methodology. A 

SuperSonic Imagine Aixplorer ultrasonic system is employed with a probe of central 
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frequency at 15 MHz. Moreover, the motion system is composed of Aerotech devices 

of 0.5 µm step accuracy. 

 

Fig. 3. Clone mosaic icon that simulates the technique of the ones in Hagia Sophia, 

Constantinople. (a) The hidden mosaic pattern under (b) thick mortar covering. 

An initial tomographic image of the clone mosaic is depicted in Fig.4. It  is evident 

that the acoustic waves are able to penetrate the thick mortar and provide high fidelity 

information of the underneath tesserae. Specifically, the mortar is appearing as the 

high intensity upper layer due to its scattering, while the thickness seems decreased 

due to the high acoustic velocity. On the other hand, tesserae are appearing as separat-

ed elements of varying intensity 

 

Fig. 4. A tomographic image of the clone mosaic acquired using ultrasonic phased array system 

at 20 MHz. 

The 3D image reconstruction from the tomographic sequence of constant velocity 

motion of the ultrasonic probe is, then, extracted considering our proposed methodol-

ogy. The outcome is demonstrated in Fig. 5 using the flexible 3D-SLICER software. 

Here, the image is displayed in two phases, namely the upper mortar part in Fig. 5a 

and the inner mosaic one in Fig.5b. The former is an impressively detailed illustration 

of the mortar surface, where even the roughness of this layer can be evaluated. 
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Fig. 5. (a) Detail of the clone mosaic at the region of interest and (b) an horizontal slice of the 

acquired measurement at the same region 

However, the most interesting results are revealed through the mosaic region that is 

optically hidden under the mortar. It is observable that the tesserae shape is reconstruct-

ed successfully, while the detailed pattern of the mosaic is, also, evaluated. The last 

remark is validated in Fig. 6, where a horizontal slice of the 3D image at the tesserae 

region is extracted and compared to the original mosaic of Fig. 3a. Here, one can note 

that the reconstructed mosaic pattern is identical to the original, thus proving the po-

tential of the proposed instrumentation and the subsequent processing methodology. 

 
Fig. 6. (a) Detail of the clone mosaic at the region of interest and (b) an horizontal slice of the 

acquired measurement at the same region 

3.3 Vertical resolution 

The final step of our analysis is the investigation of the ultrasonic vertical resolu-

tion, since the horizontal one depends on the motion plan of Section 2.2. It is well-

known that the vertical resolution is influenced mainly by the frequency, but the phased 

array setup and the multi-line acquisition beam forming scheme are able to improve 
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the outcome. To this end, the inner details of a tessera is examined in Fig. 7, revealing 

the structure scratches due to its preparation method. This interesting result is com-

pared to a single tessera analysis of Fig. 7a that is measured using an ultrasonic probe 

at 175 MHz. The reconstructed image from this measurement is depicted in Fig. 7b, 

where corresponding structure scratches are observed. Consequently, despite the de-

creased frequency of the phased array probe, significant vertical details of the inner 

structure can be evaluated. 

 
Fig. 7. (a) Details of a tessera inside the clone mosaic acquired using ultrasonic phased array system 

at 20 MHz. (b) A single tessera from the archaeological site of Ancient Messene and (c) 

tomography of its inner structure using acoustic microscopy with transducer at 175 MHz. 

4 Conclusion 

The instrumentation and the subsequent processing methodology for the non- de-

structive 3D tomographic reconstruction of iconic cultural heritage assets has been 

proposed in this work. The basic parts of the instrumentation include an ultrasonic 

phased array system and appropriate mechanical adaptations for its motion planning 

towards the object that is under investigation. Then, powerful methods, such as the 

multi-line acquisition beam forming, are applied to extract the 3D inner reconstruc-

tion of the object. The utilization of the proposed methodology on a clone mosaic that 

is hidden under thick mortar, verified the successful implementation indicating the 

method’s potential. 
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