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Motion estimation is the sequential determination of the direction of motion of 
an object in a video. The movement of an object is denoted by the term motion 
vector. Between the current and reference frames, motion vectors can signify 
shift points. The SAD (Sum of Absolute Different) block matching technique is 
fundamentally dependent on the assessment of an object's motion. This study 
proposes a hybrid approach that integrates the Three-Step Search (TSS) and 
Full Search (FS) algorithms. This integration aims to design a block matching 
algorithm that is applied to video encoding using signal-to-noise ratio (SNR) 
scalability. From this design, the study aims to obtain the performance results 
and evaluate the motion estimation process using both the TSS and FS 
algorithms for performance comparison in SNR scalability video encoding, in 
terms of video frame quality, bit rate, and PSNR, based on the average 
comparison of the two algorithms. Based on the experimental results, the FS 
algorithm achieved a total BD-PSNR of 0.22 dB with an efficiency rate of 
12.45%, whereas the TSS algorithm achieved a total BD-PSNR of 0.18 dB and 
an efficiency rate of 7.6%. Therefore, the FS algorithm demonstrates superior 
performance compared to the proposed TSS algorithm in video transmission 
with SNR scalability. 

 
1. Introduction 

Motion estimation is a crucial component in video delivery and encoding. Various video processing applications, 
such as super-resolution, video coding, and video restoration, rely heavily on accurate motion estimation to represent 
temporal changes between frames. In video coding, motion estimation is used to identify and model the movement of 
objects over time, which is represented by a motion vector. This motion vector describes the displacement of a point or 
block of pixels between the current frame and a reference frame, thus reflecting the dynamics of moving objects, 
changes in viewpoint, and camera movement. 

In general, motion estimation techniques can be classified into two main categories: pixel-based and block-based 
techniques [1],[2],[3]. One of the most widely used methods is the block matching technique, which is an area-based 
method. This method is widely known for its simplicity of implementation and flexibility in settings. In block matching, 
the motion vector search process is usually limited to a certain area around the reference block position, which is 
expressed in the range [±bdx, ±bdy], with the values of bdx and bdy generally set equal to bd. The determination of the 
BD value is influenced by image resolution, motion characteristics in the video, and coding conditions, both online and 
offline. 

To improve the efficiency and performance of block matching algorithms, various search methods have been 
developed, including two-dimensional logarithmic search (TDL), three-step search algorithm (TSS), cross-search 
algorithm (CSA), and one-time search algorithm (OTA) [4],[5],[6]. 

Despite the widespread use of block matching techniques in video coding systems, they are typically applied only 
to non-scalable video coding. However, the need for video coding that adapts to network and receiving device conditions 
is increasing. In practice, only a small number of video coding system providers offer Signal-to-Noise Ratio (SNR) 
scalability [7],[8],[9],[10]. Conventional single-layer video coding produces only one video output at a specific quality, 
thus being unable to flexibly adapt to variations in network bandwidth or user quality requirements. This limitation leads 
to decreased transmission efficiency and quality of service, especially in dynamic network environments. 

To address these issues, this study proposes a block-matching algorithm-based video coding method that 
integrates the three-step search (TSS) and full search (FS) algorithms [11],[12],[13],[14]. This method is implemented 
within a video coding framework with SNR scalability, allowing the creation of a base layer and one or more 
enhancement layers. With this approach, variations in video frame quality can be generated based on the SNR 
scalability level and the mean square error value of the obtained motion vectors. 

The system performance is evaluated by comparing the average quality between coding schemes with one level 
of scalability and multiple levels of scalability. The proposed SNR-scalable video coding is expected to overcome the 
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limitations of conventional video coding by providing flexible video output that can be adjusted to network conditions. 
Thus, users can select video output at the base layer or enhancement layer according to network capacity and quality 
requirements, significantly improving transmission efficiency and user experience. 

This paper is organized as follows: the first section presents the introduction; the second describes the research 
method; the third discusses the results and discussion; and the fourth presents the conclusion. 

 
2. Research Design and Methods 

A new architecture for scalable video inter-coding based on the High Efficiency Video Coding (HEVC) system is 
proposed, as depicted in Figure 1. This architecture is designed to be scalable with a base layer and enhancement 
layers in the experiment in this study. The system obtains performance results from two video coding approaches: the 
modified motion estimation and compensation full search (FS) method and the block matching three-step search (TSS) 
approach. 
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Figure 1.SNR Scalability Video Coding Encoder-Decoder Block Diagram, The Part Inside the Red Box Is the One 
Modeled with the TSS Algorithm 

 
2.1 Modeling a Full Search Algorithm 

The Full Search Algorithm (FSA) was first used to estimate motion based on blocks. The FSA method precisely 
checks all search point locations within the lookup region. The optimal FSA can find highly matching positions if the 
search interval is accurately determined. However, if the search interval in both directions is 𝐿 and the step size is one 
pixel, and if the search range is square, the total number of displacements required to determine the motion vector for 

each block in a frame is (2𝐿 + 1)2. This is hard to do, especially when the search window is large. 
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The number of blocks to be searched is (2L + 1)2. The dimension of the pixels is 𝑏 × 𝑏, and the maximum 
movement of the motion vector is represented by ±w pixels in both vertical and horizontal directions. Figure 2 illustrates 
the fundamental concept underlying the block matching method, as referenced in [15], [16],[17]. 
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Figure 2. Motion Estimation Through Block Matching 

 
Cross-correlation, mean squared error, and mean absolute error are applied as primary assessment parameters 

in the analysis. The correlation levels should be multiplied to achieve satisfactory results with two block adjustments in 
the CCF method.  Because CCF is believed to yield suboptimal performance in motion tracking, particularly under low 
values of the constant 𝐿, the implementation utilizes mean square error and mean absolute error instead. Equations 1, 
2 and 3 indicate that the functions quantify mean absolute error and mean squared error, while the equation calculates 
PSNR, where 𝑁 represents the pixel count of the frame and 255 denotes its 8-bit resolution [18],[19].\ 
 

MSE(i, j) =
1

N2
∑ ∑ (f(m, n) − g(m + i, n + j))

2N
n=1

N
m=1 ,  −L ≤ I, j ≤ L (1) 

  

MAE(I, j) =
1

N2
∑ ∑ |f(m, n) − g(m + I, n + j)|N

n=1
N
m=1 ,  −L ≤ I, j ≤ L (2) 

  

PSNR = 10log10 [
2552

1
N2 ∑ ∑ (f(m, n) − g(m + i, n + j))2N

n=1
N
m=1

] (3) 

        

𝑓(𝑚, 𝑛) denotes the intensity values within the current block, encompassing an area of 𝑁2 pixels situated at coordinates 
(𝑚, 𝑛), while 𝑔(𝑚 + 𝑖, 𝑛 + 𝑗) signifies a block variable from the previous video frame, relocated to the coordinates (𝑚 +
𝑖, 𝑛 + 𝑗). Within the optimal matching approach, the locations 𝑖 =  𝑎 and 𝑗 =  𝑏 are specified such that the motion vector 

𝑀𝑉(𝑎, 𝑏) represents the shift of each pixel inside a block. An exhaustive search is conducted to identify the optimal 

match, with search parameters defined as (2𝐿 +  1)², where the typical value of 𝐿 is 7 pixels [20]. The processing load 
is reduced by using the MAE measurement type, which subsequently became the industry standard video codec. Each 

𝑁² block continuously executes (2𝐿 +  1)² iterations, evaluating every step through 2𝑁² computational processes of 

addition and subtraction. The PSNR calculation uses 𝑁 to denote the total pixel count in a frame, and the maximum 
possible value under 8-bit resolution is 255. 
 
2.2 Modeling a Three-Step Search Algorithm 

The proposed approach for block matching is the three-step search.  As can be seen in Figure 4, each change 
results in a twofold reduction in the search area. The three steps of the search are completed when the search radius 
equals one.  The uniformity it brings to both the software and hardware implementations is a benefit of this technique, 
as it requires a constant number of iterations for each operation. The matching criteria are determined by the Block 
Distortion Measure (BDM) equation, which is shown in Equation 4 [21],[22],[23]. 
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𝐵𝐷𝑀(𝑖, 𝑗) = ∑ ∑ 𝑔(𝑠(𝑥, 𝑦) − 𝑠𝑟(𝑥 + 𝑖, 𝑦 + 𝑗))

𝑁−1

𝑦=0

𝑀−1

𝑥=0

 (4) 

 
It operates as a function to determine the BDM through 𝑔(. ), with 𝑖 and 𝑗 representing the offsets of the considered 
motion vector at that time, and 𝑥 and 𝑦 denoting the coordinate values relative to the current block. The motion vector 
is selected as the variable that minimizes the Block Distortion Measure (BDM) for the current block [24],[25]: 
 

𝑑 = [𝑑𝑥, 𝑑𝑦]
𝑇

= 𝑎𝑟𝑔 (min
⩝(𝑖,𝑗)

(𝐵𝐷𝑀(𝑖, 𝑗))) (5) 

 
The implementation steps of the three-step search algorithm can be described through the algorithm and the 

block diagram shown in Figure 3. 
Then, the implementation of the three-step search algorithm for SNR scalability proceeds through the following 

steps: 
a. Set up the parameters used for searching as 𝑟 =  2𝑘 − 1 where 𝑘 =  [𝑙𝑜𝑔2(𝑑𝑚)]; 
b. Establish checkpoints for 𝛤 = {[0, 0], [±r, ±r], [0, ±r], [±r, 0]}; 
c. The Block Distortion Measure (BDM) is evaluated along with the SNR scalability at all nine candidate positions, and 

the point on the lattice exhibiting the lowest combined BDM and SNR scalability value is selected: 𝑑′ =

𝑎𝑟𝑔 ( min
(𝑖,𝑗)∈𝛤

(𝐵𝐷𝑀(𝑖, 𝑗))); 

d. Adjust 𝑟 =
𝑟

2
; 

e. If 𝑟 <  1, then 𝑑 =  𝑑’; stop. Otherwise, update the search location: 𝛤 = {[0, 0], [±r, ±r], [0, ±r], [±r, 0]}, and return 
to step (c). 
The Three-Step Search technique can be computed using Equation 6 [26],[27]: 

 
𝐶𝑇𝑆𝑆 = 3𝐼𝐽𝐹(8𝑘 + 1) (6) 

 
The system's complexity is denoted by 𝐶, the 𝑚-th matrix by 𝐼, the 𝑛-th matrix by 𝐽, the frame rate (f/s) by 𝐹, and the 
number of steps employed by 𝑘. This model of the Three-Step Search (TSS) algorithm demonstrates its convergence 

process, initialized with a motion vector denoted as 𝑑 =  [3,2], within a 15 × 15 search region with a diminishing error 

rate. The TSS method consistently converges for every video frame in stage 𝑁. Nevertheless, the convergence pattern 
varies depending on the error’s shape and rate, as illustrated in Figure 4. 
 

 
Figure 3. Flowchart for the TSS Algorithm 
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Figure 4. The Three Step Search Structure 

 
2.3 Experimental Models 

In this part, the inter-mode SNR scalability of HEVC video coding is implemented using the FS and TSS 
algorithms to simulate the motion estimation process. The performance of these two motion estimation methods in 
scaling the SNR of HEVC video coding is evaluated by comparing them side by side. Evaluations are conducted on the 
PSNR and bitrate performance metrics for both motion estimation method models, specifically the Three-Step Search 
(TSS) and Full Search (FS), which are designed to accommodate various video media.The results obtained illustrate 
the performance of SNR scalability in the HEVC video encoder using the two motion estimation algorithms, from which 
it can be concluded that the proposed technique improves the quality and effectiveness of HEVC video encoded with 
SNR scalability by applying motion estimation algorithms designed to optimize performance. 

Figure 5 presents the video test case applied during the simulation process. For MATLAB and Excel analysis, 
simulations were run on a Windows 10 PC powered by an Intel (R) Core (TM) i7-67000T processor @ 2.81 GHz. The 
Y-component, representing luminance, was analyzed over 100 frames at 30 fps to assess SNR scalability [28], [29], 
[30]. 
 

  
Akiyo, 352×288, 300 frame Bus, 352×288, 150 frame 

  
Flower Garden, 720x432, 360 frame Football, 720x432, 360 frame 

  
Shields, 1280x720, 504 frame Four People, 1280x720, 600 frame 

Figure 5. Video Test 
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Figure 6. Motion Vector Field on the Akiyo Sequence of 3-4 Frame Pairs with a Time Interval of 1.3740 Seconds at 30 

fps 
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Figure 7. System Experiment Flowchart 
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Figure 7 illustrates the experimental process and testing of video coding based on Rate-Distortion Optimization 
(RDO) with the implementation of the Full Search (FS) and Three Step Search (TSS) algorithms on the base layer and 
enhancement layer. The process begins by reading the video frame sequence (frames 1 to 𝑛); then the system 

determines the coding mode to be evaluated, namely intra or inter. For each frame, the distortion (𝐷) is calculated using 
the MSE and PSNR metrics. In the next stage, motion estimation and coding are performed using the FS/TSS method 
on each layer. Next, the bit rate (𝑅) is calculated based on the bitstream length and the entropy coding results. The 

distortion and bit rate values are then combined in the RDO cost function, namely 𝐽 = 𝐷 + 𝜆𝑅, to determine the coding 

mode (intra or inter) with the minimum cost value on each frame by selecting the smallest 𝐽 value. 𝐷 represents the 
distortion, namely the difference between the original frame and the reconstructed frame, measured using MSE and 
PSNR. 𝜆 is a parameter that regulates the balance between video quality and bit rate. This function ensures the selection 
of an encoding mode that balances visual quality and bit rate efficiency on each frame. Once the best mode is selected, 
the system checks whether the processed frame is the last frame. If not, the process continues to the next frame; if so, 
the encoding process ends. This flowchart shows that the encoding mode selection is performed iteratively and optimally 
on each frame, considering the balance between visual quality (distortion) and bit rate efficiency at both encoding layers. 

 
3. Results and Discussion 

The results of a simulation experiment for motion estimation and compensation in video coding using the Gradient 
Descent method, an algorithm that numerically estimates the minimum value of a function, are shown in Figure 8 for 
the Y component (luminance) of the video test sequence. Copies are created for the target frame, anchor frame, motion 
vector, and predicted frame through this process. 

Figure 6 shows that the PSNR value changes depending on the number of motion vector directions in the video 
test sequence. The simulation results show that the estimated and compensated PSNR values for frames 3–4 of the 
Akiyo sequence is 32.9674 dB for the predicted frame. 

The simulation results demonstrate the performance of the video coding system with SNR scalability, utilizing the 
FS and TSS algorithms for motion estimation. The objective of this analysis is to derive quantitative metrics of video 
frame quality by computing the average values of PSNR, MSE, CPU time, BD-PSNR, and BD-rate across different 
scalability levels and layers, as illustrated in Table 1. The results of simulations on motion estimation using the FS 
method with SNR-scalable video coding show that the average PSNR value for all test videos is 32.9 dB for the base 
layer and 66.6 dB for the enhancement layer. The average mean square error (MSE) for the base layer is 0.9, while for 
the enhancement layer it is 0.88. The base layer has an average bit rate of 14,068.6 Kbps, while the enhancement layer 
has 33,368.2 Kbps. The computation time for the base layer is 9,095.2 seconds, while for the enhancement layer it is 
9,035.2 seconds. The BD-PSNR gain for all test videos is 0.22 dB, and the BD-rate efficiency is 12.45%. These results 
vary across all test parameters, reflecting the performance of the video coding system with SNR scalability. The results 
are then compared with the TSS algorithm, which serves as a benchmark to evaluate the performance of the system. 

 
Figure 8. Display (a) Target Frame, (b) Prediction Frame, (c) Anchor Frame, (d) PSNR Value (anchor frame – 

prediction frame) 

Target Frame (TF)

(a)

Prediction Frame (PF)

(b)

Anchor Frame (AF)

(c)

AF - PF, PSNR 32.9674 dB

(d)
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Table 1. Experimental Findings of Full Search (FS) 

 
 

Video 

Mean 
PSNR (dB) 

Mean MSE Mean Bit Rate 
(Kbps) 

CPU Time (s)  
BD 

PSNR 
(dB) 

 
BD-
rate 
(%) 

Base 
layer 

Enhanc
ement 
Layer 

Base 
Layer 

Enhanc
ement 
Layer 

Base 
Layer 

Enhanc
ement 
Layer 

Base 
Layer 

Enhanc
ement 
Layer 

Akiyo 36.6 73.1 0.9 0.8 268.8 537.5 1,827.3 1,771.4 0.3 78.8 
Bus 32.5 64.9 0.9 0.9 5,637.9 11,274.6 2,921.3 1,540.2 0.2 -1 
Football 32.8 65.4 0.9 0.9 21,039.7 42,081.9 7,381.6 7,167.1 0.2 -1 
Flower Garden 33.1 66.4 0.9 0.9 28,319.5 56,641.2 14,735.9 16,425.9 0.1 -0.1 
Shields 27.8 60.4 0.9 0.9 29,134.5 66,777.3 14,972.6 14,880.5 0.2 -1 
Four People 34.7 69.2 0.9 0.9 11,451 22,896.5 12,732.3 12,429.5 0.3 -1 

Mean 32.9 66.6 0.9 0.88 14,068.6 33,368.2 9,095.2 9,035.7 0.22 12.45 

 
Table 2 illustrates the motion estimation results obtained using the TSS algorithm applied to SNR-scalable video 

coding, serving as a comparison with the default system performance of the FS algorithm. The average PSNR value 
for all test videos is 29.6 dB for the base layer and 59.5 dB for the enhancement layer. The average mean square error 
(MSE) for both the base and enhancement layers is 0.9. The mean data rate for the base layer is 14,405.5 Kbps, while 
the enhancement layer is 28,809.6 Kbps. The computation time required for the base layer is 9,108.5 seconds, while 
for the enhancement layer it is 9,251.8 seconds. The BD-PSNR gain for all test videos is 0.18 dB, and the BD-rate 
efficiency is 7.6%. These results vary across all test parameters, reflecting the performance of the video coding system 
with SNR scalability. The results obtained using the TSS algorithm are compared with those of the FS algorithm to 
evaluate system performance. 
 

Table 2. Experimental Findings of Three-Step Search (TSS) 

 
 

Video 

Mean 
PSNR (dB) 

Mean MSE Mean Bit Rate 
(Kbps) 

CPU Time (s)  
BD 

PSNR 
(dB) 

 
BD-
rate 
(%) 

Base 
layer 

Enhanc
ement 
Layer 

Base 
Layer 

Enhanc
ement 
Layer 

Base 
Layer 

Enhanc
ement 
Layer 

Base 
Layer 

Enhanc
ement 
Layer 

Akiyo 34 68 0.9 0.9 203.2 406.4 1,743.6 1,797 0.2 50.7 
Bus 27.3 55.2 0.9 0.9 4,653.7 9,307.6 1,591.3 1,628 0.1 -1 
Football 28.5 57.3 0.9 0.9 17,376.6 34,754.3 7,434.4 7,722.1 0.2 -1 
Flower Garden 29.6 59.5 0.9 0.9 24,428.3 48,858.6 14,454.2 14,601.4 0.2 -1 
Shields 28.3 56.2 0.9 0.9 30,075.1 60,142.4 16,931 13,804.8 0.2 -1 
Four People 30.1 60.8 0.9 0.9 9,696.1 19,388.2 12,496.8 15,957.8 0.2 -1 

Mean 29.6 59.5 0.9 0.9 14,405.5 28,809.6 9,108.5 9,251.8 0.18 7.6 

 
The experimental results of bit rate and Peak Signal-to-Noise Ratio (PSNR) for all test video sequences using 

the Full Search (FS) and Three Step Search (TSS) algorithms are presented in Figure 9. It can be observed from the 
figure that the enhancement layer generated by the FS algorithm consistently achieves the highest PSNR and bit rate 
across all test sequences. In contrast, the lowest PSNR and bit rate are obtained at the base layer of the TSS algorithm 
for all video sequences. This performance difference is primarily attributed to the accuracy of motion vector estimation 
for each frame. The FS algorithm performs an exhaustive search over the entire search window, enabling it to determine 
more accurate motion vectors. Conversely, the TSS algorithm restricts the search process to only three search steps, 
resulting in lower computational complexity at the expense of reduced motion estimation accuracy. 
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Figure 9. Bitrate Performance SNR Scalability Graph 

 
Nevertheless, each algorithm exhibits distinct trade-offs between compression efficiency and computational 

complexity. When high video quality is required, albeit with a relatively high bit rate and increased bandwidth 
consumption, the base layer generated by the FS algorithm is more suitable. On the other hand, for applications where 
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bandwidth efficiency is prioritized over reconstruction quality, the enhancement layer produced by the TSS algorithm 
offers a viable solution due to its relatively low bit rate requirements. 

To further evaluate the overall system performance, Figure 8 also compares the proposed scalable video coding 
system with a non-scalable video coding system. The results indicate that the scalable video coding approach 
employing FS for both the base and enhancement layers achieves the best overall performance compared to the non-
scalable coding schemes using FS and TSS across all test sequences. However, the non-scalable video coding 
schemes based on FS and TSS still outperform the scalable coding system employing TSS for both the base and 
enhancement layers. 

Figure 10 shows a graph of the difference between the Full Search (FS) and Three-Step Search (TSS) algorithms 
block-matching methods used in video coding with SNR scalability. In terms of PSNR performance, the enhancement 
layer produced by the FS algorithm records the highest average across most tested video sequences, while the base 
layer of the TSS algorithm has the lowest average value for most test videos. In terms of bit rate performance, the 
highest value is on the average enhancement layer of the FS algorithm on the Shields test video, and the smallest is 
on the average base layer of the FS algorithm for the Akiyo test video. In terms of computational time performance, the 
average enhancement layer of the FS algorithm for the Shields test video has the longest computation time, while the 
average base layer of the FS algorithm for the Bus test video has the shortest computation time. 
 

  
(a) (b) 

 
(c) 

Figure 10. Full Search versus Three-Step Search in Block-Based Motion Estimation 
(a) PSNR, (b) Bit Rate, (c) CPU Time 
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4. Conclusion 
According to the findings of the tests and assessments, the FS algorithm continues to perform better than the 

suggested TSS method, as demonstrated by the enhancement layer, which records a higher average bit rate, a higher 
average PSNR value, and a higher CPU time.  The TSS algorithm's enhancement layer has the greatest average bit 
rate and PSNR value in the system assessment, after the FS algorithm's enhancement layer.  The TSS algorithm has 
an efficiency rate of 7.6% and a total BD-PSNR value of 0.18 dB, whereas the FS algorithm has an efficiency rate of 
12.45% and a total BD-PSNR value of 0.22 dB.  Therefore, the FS algorithm outperforms the suggested TSS algorithm 
in video transmission with SNR scalability coding. The enhancement layers with FS and TSS algorithms can be 
customized according to user requirements to implement a system that ensures strict performance standards in HEVC 
video coding through SNR scalability integration. 

 
Notation 
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