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This paper proposes the design of high-performance histogram of oriented gradient 

(HOG) feature calculation circuit for real-time pedestrian detection. By utilizing thor-

oughly analyzed results of the operations for overlapping blocks and windows and by 

managing internal memories and registers to store the intermediate results of HOG fea-

ture efficiently, not only all redundant operations are totally removed but also trilinear 

interpolation technique is successfully applied in the proposed circuit. The proposed 

circuit can process variable sizes of input image up to full high-definition (HD) image 

and it supports two types of detection window and color format of input image. In order 

to accelerate the processing time, the proposed circuit adopts the parallel architecture 

with pipelines, and the external memory bandwidth is minimized by the efficient man-

agement of internal memories and registers. The circuit size is reduced by sharing the 

circuit resources for the common operations and by minimizing the required storage 

spaces. Even though a large amount of computations is required due to trilinear inter-

polation, the proposed circuit can process full HD images in real time, assuming a scal-

ing factor of 0.9. Therefore, it can be used for real-time pedestrian detection in many 

applications.  

 

Keywords: histogram of oriented gradient, pedestrian detection, trilinear interpolation, 
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1. INTRODUCTION 
 

Since histogram of oriented gradient (HOG)[1] feature is considered to be the most 

discriminative feature for pedestrian detection, it is widely used in vision-based applica-

tions such as intelligent vehicles, surveillance systems, and robots. The image scaling 

technique is applied to improve detection rate in vision-based applications since it is dif-

ficult to recognize a pedestrian if it is too big for the detection window. The scaled im-

ages are generated from the original input image, and all the images are scanned by using 

overlapping detection window. Since HOG feature is calculated per each detection win-

dow, the amount of computations is significantly increased for the large number of de-

tection windows. For example, when a full high-definition (HD) image frame is scaled 

down with the scaling factor of 0.9, the number of different levels of resolution is 23 and 

the number of overlapping detection windows to calculate HOG feature is increased from 

51,645 to 245,572. The redundant operations, inherently involved in HOG feature calcu-

lation due to the overlapping detection windows in each image and overlapping blocks in 

each detection window, are another main factor of the increased amount of computations.  

Furthermore, trilinear interpolation, one of the most effective techniques to improve 
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detection rate, is a major bottleneck of detection speed since it requires the largest com-

putational efforts. According to our experiments, trilinear interpolation technique im-

proves detection rate up to 13% at 10
-4

 false positive per window (FPPW). However, the 

amount of computations per detection window is increased by 8 times. Although many 

hardware architectures have been proposed to improve detection speed, the computation 

of HOG feature is usually simplified, and especially trilinear interpolation is discarded or 

approximated, which makes detection rate significantly degraded. Besides, image scaling 

technique is not usually considered even though it directly affects detection rate. In order 

to provide high detection rate, image scaling technique should be considered, and triline-

ar interpolation cannot be discarded or approximated in HOG feature calculation.  

In order to improve detection speed, we proposed a novel algorithm of HOG feature 

calculation in [2]. Even though it is not easy to apply trilinear interpolation technique 

while avoiding the redundancies in overlapping blocks, the redundant operations in tri-

linear interpolation for overlapping blocks are totally removed in [2]. By identifying key 

rules in trilinear interpolation and analyzing the operations for overlapping blocks, the 

number of required operations to calculate HOG feature per detection window is reduced 

up to 60.5%. Although the redundant operations in a single detection window are totally 

removed in [2], it is still hard to achieve the real-time processing due to the large amount 

of computations for overlapping windows in each image frame including the different 

levels of resolution. In this paper, therefore, we expanded the algorithm in [2] and care-

fully designed the high-performance HOG feature calculation circuit to totally remove all 

redundant operations for not only overlapping blocks in each detection window but also 

overlapping windows in each image frame. The number of required cells to calculate 

HOG feature can be reduced from 11,251,800 to 42,130 (99.6% reduction) when video 

graphic array (VGA) input image with the scaling factor of 0.9 is considered. Several 

circuits[6-8] have also been proposed to remove the redundancies. However, those cir-

cuits cannot afford to apply trilinear interpolation technique. Unlike other circuits, high 

detection rate can be retained in the proposed circuit since trilinear interpolation tech-

nique is applied. In the proposed circuit, all redundant operations in each image frame are 

totally removed by utilizing the analyzed results of the operations for overlapping blocks 

and windows and by managing internal memories and registers for the intermediate re-

sults efficiently. Therefore, the proposed circuit can process full HD images in real time 

while retaining the high detection rate. 

The proposed circuit processes variable sizes of input image up to full HD image 

and is unified to support two types of detection window and color format of input image. 

Parallel architecture is adopted in the proposed circuit, and the circuit processes p pixels 

of p×p-pixel cell at the same time (p is 6 for 48×96-pixel window and 8 for 64×128-pixel 

window). By adopting the pipeline architecture with six stages, each cell is calculated in 

6p clock cycles. The circuit resources are shared for the common operations and the size 

of the internal memories and registers to store the intermediate data is minimized. Since 

all redundant operations for each image frame are totally removed and input data is re-

used by the efficient management of the internal memories and registers, the number of 

accesses to the external memory is minimized. Furthermore, an advanced microcontroller 

bus architecture (AMBA)-compliant interface is added for system-on-chip (SoC) design. 

Since the proposed circuit conforms to AMBA 3.0 protocol, it can be easily intercon-

nected with other IPs conforming to AMBA 3.0 protocol.  
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2. RELATED WORK 

In recent years, HOG feature calculation circuits have been proposed to improve 

detection speed[3-8]. However, trilinear interpolation technique is not applied to those 

circuits since it is not easy to apply trilinear interpolation technique in its original form to 

provide real-time detection due to its high computational complexity. In addition, the 

image scaling technique is not considered in most of them. Even though trilinear inter-

polation is discarded and image scaling technique is not considered to reduce the amount 

of computations in HOG feature calculation, the performances of HOG feature calcula-

tion circuits in [3] ~ [8] are not enough to provide real-time detection. Besides, the detec-

tion rate is significantly degraded due to the approximations in interpolation technique. 

A deep pipelined field-programmable gate array (FPGA) implementation of re-

al-time human detection is presented in [3]. They employed a binarized HOG scheme in 

which each one-dimensional feature is binarized using a threshold value so that each 

feature can be expressed in a single bit. Most of computations in HOG feature calculation 

are simplified and any interpolation techniques are not applied. Besides, image scaling 

technique is not considered either. Therefore, the circuit can process 62.5 frames per 

second (fps) for VGA images at 25MHz, but the detection rate is only 96.6% when false 

positive rate is 20.7%. In order to reduce the computational complexity toward efficient 

hardware architecture, [4] proposes several methods to simplify the computation of HOG 

feature calculation. Gradient magnitude is calculated by using a look-up table (LUT) to 

avoid square root operation, and simplified linear interpolation is applied. However, the 

performance of the circuit is only 10 fps when a total of 56,466 detection windows are 

included in the consecutive scaled images from VGA input image. A low-cost and 

high-speed hardware implementation for HOG feature extraction is presented in [5]. In 

order to reduce the required circuit resources, they simplified linear interpolation tech-

nique by setting the weight for orientation as a constant value, and showed that detection 

rate is almost the same with the standard HOG algorithm. However, the comparison re-

sults with trilinear interpolation technique are not presented. In addition, image scaling 

technique is not considered to evaluate the performance of the circuit. 

In order to avoid redundant operations due to the overlapping windows and blocks, 

the intermediate results in HOG feature calculation are stored and reused in [6] ~ [8]. 

Since the number of overlapping blocks in 64×128-pixel window is 105 when each block 

consists of four 8×8-pixel cells, 16 rows of cells must be retained for each detection 

window. However, [6] avoids to store the impractical amount of data by normalizing the 

cells into the appropriate block, immediately using the block in classifiers for each of the 

105 overlapping windows that the block belongs to, then discarding the block histogram 

and retaining only 105 partial results for the classifiers. In [7], the cells in each frame are 

not overlapped to prevent the repetitive calculations. The cell-based pipeline architecture 

is also adopted in [8], and it reduces the memory bandwidth since the reloading of input 

image data for different detection windows is prevented. By considering the overlapping 

operations in advance, the redundant operations can be removed in [6] ~ [8]. However, 

none of them can afford to apply trilinear interpolation technique as it is since it is not 

easy to apply trilinear interpolation technique in its original form while simultaneously 

considering the overlapping operations beforehand.  



SOOJIN KIM AND KYEONGSOON CHO 

 

4 

 

3. BRIEF REVIEW ON HOG FEATURE CALCULATION 

HOG feature calculation consists of four steps as shown in Fig. 1, and it is calculat-

ed by overlapping-block-based operation in each detection window. The first step is to 

compute gradients for each pixel. As shown in Eqs. (1) and (2), the gradients are calcu-

lated by considering both x and y directions. In these equations, f(x, y) represents a pixel 

value for (x, y) position in detection window. By using the gradients, gradient magnitude 

and orientation for each pixel are calculated in the second step as shown in Eqs. (3) and 

(4). The third step is to accumulate weighted votes for magnitude into N orientation bins 

over p×p–pixel spatial cells. When inter-bin distance is 20° over 0° ~ 180°, N is deter-

mined as 9. Trilinear interpolation technique is applied at the third step to interpolate 

weighted votes for gradient magnitude bilinearly between the neighboring bins in both 

orientation and position. Two nearest orientation bins for each pixel are determined by θ, 

and the weighted votes are calculated by magnitude (M), Gaussian weight (WG), weight 

for orientation (Wθ), and weights for pixel position (Wx and Wy) as shown in Eq. (5). Wx 

and Wy are determined by the pixel position in a cell and WG is determined by the pixel 

position in a block. The last step is to normalize contrast within c×c–cell overlapping 

blocks, and the equation of L2-norm is presented in Eq. (6). In this equation, Bk repre-

sents the vector for a block, v represents each element in the vector, and ε is a small con-

stant used to avoid division by zero. Finally the normalized histograms are collected over 

detection window to form the final HOG feature. 

 

 

Fig. 1. Overview of HOG feature calculation. 

 

 (1) 

 (2) 

 (3) 

 (4) 

 

(5) 

 
(6) 

 

Trilinear interpolation technique, applied at the third step of HOG feature calcula-

tion, requires the largest amount of computations. The amount of computations is more 

increased due to the overlapping blocks in detection window and overlapping windows in 

image as shown in Fig. 2. In order to remove the redundancy in overlapping blocks for 



DESIGN OF HIGH-PERFORMANCE HOG CALCULATION CIRCUIT FOR REAL-TIME DETACTION 

 

5 

 

each detection window, we proposed a novel algorithm of HOG feature calculation in [2]. 

Depending on the position in overlapping blocks, most cells in detection window have up 

to four types at the same time. Therefore, we divide a cell into four regions (SC1 ~ SC4) 

and define four cell types (type #1 ~ type #4) as shown in Fig. 2. The differences for each 

of the four cell types are Gaussian weights and orientation bins in which the weighted 

votes are accumulated. In [2], therefore, we modified the equation of trilinear interpola-

tion to share the common operations for each cell type. By identifying key rules in trilin-

ear interpolation and considering the operations for each cell in four overlapping blocks 

in advance, HOG feature can be calculated without overlapping operations in a single 

detection window. 

 

 

Fig. 2. Four cell types and regions in overlapping blocks and windows. 

 

Although the algorithm proposed in [2] significantly reduces the amount of compu-

tations, it is still hard to achieve real-time processing due to the overlapping detection 

windows in a whole image frame. Therefore, the architecture of HOG feature calculation 

circuit to totally remove the redundant operations in HOG feature calculation for the en-

tire images is strongly required while applying trilinear interpolation technique for high 

detection rate. 

4. PROPOSED HOG FEATURE CALCULATION CIRCUIT 

Fig. 3 shows the architecture of the proposed HOG feature calculation circuit which 

is processed in a fully pipelined manner by adopting 6-stage pipeline architecture. (1
st
 

stage: storing input data in Input Controller circuit, 2
nd

 stage: calculating image gradients 

in Gradient Calculator circuit, 3
rd

 stage: calculating magnitudes in Magnitude Calcula-

tion circuit, calculating orientations and determining the orientation bins and the corre-

sponding weights in α & β Calculator circuit, and calculating trilinear interpolation in 

Trilinear Interpolation Calculator circuit, 4
th

 stage: accumulating the weighted votes into 

appropriate bins in Bin Accumulator circuit, 5
th

 stage: normalizing contrast within a 

block in Block Normalization Calculator circuit, 6
th

 stage: storing the final results and 

transferring them to the external memory in Output Controller circuit). All of the re-

quired data for HOG feature calculation are transferred through advanced extensible in-

terface (AXI) and advanced peripheral bus (APB) channels. After receiving the pixel 

data for one detection window, the circuit starts its operations and processes p pixels of 

p×p-pixel cell at the same time by adopting the parallel architecture with pipelines, and 
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each cell is calculated in 6p clock cycles. In the proposed circuit, p is 6 for 48×96-pixel 

detection window and 8 for 64×128-pixel detection window. The proposed circuit pro-

cesses non-overlapping detection windows in the vertical direction of each image, and 

calculates HOG feature by cell-based operation. The final results are stored into the in-

ternal memories in Output Controller circuit for 14 blocks and transferred to the external 

memory through AXI channels.  

 

 

Fig. 3. Architecture of proposed HOG feature calculation circuit. 

 

4.1 Input Controller circuit 

 

 

Fig. 4. Architecture of Input Controller circuit. 

 

As shown in Fig. 4, four groups of static random access memories (SRAMs) and 

registers are used to store input image data in Input Controller circuit. In order to provide 

real-time processing and to minimize the bus bandwidth, the size of SRAMs and registers 

are determined by considering 64×128-pixel detection window and RGB input image 

which require the maximum number of pixel data to calculate HOG feature for each de-
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tection window. 64-bit pixel data are transferred through the AXI channel per clock cycle 

and buffered into Buf_0 ~ Buf_2 before being stored into the four groups of storage 

spaces. SRAM_A0 and SRAM_B0 are used to store the pixel data for one detection win-

dow alternately, and each group consists of eight 128×192-bit SRAMs, where 128 is the 

maximum height of detection window, 192 is the number of bits for eight RGB data 

(8×3×8-bit). The number of SRAMs in each group is determined by the number of cells 

in horizontal direction of detection window. 

Several pixel data positioned in nearby detection windows are required to calculate 

gx and gy for each detection window. In order to calculate gx for the current detection 

window, we use two SRAMs (SRAM_A1 and SRAM_B1) alternately to store the pixel 

data in the right side of the current detection window. The size of each SRAM is 

128×24-bit, where 128 is the maximum height of detection window and 24 is the number 

of bits for one RGB data (3×8-bit). Since the proposed circuit processes detection win-

dows in the vertical direction of input image, several pixel data in the current detection 

window are also required to calculate gx for the next vertical line of detection windows. 

These required pixel data are already read from the external memory to be alternately 

stored into SRAM_A0 and SRAM_B0 groups. In order to minimize the bus bandwidth, 

therefore, these pixel data are simultaneously stored into one of two SRAM groups 

(group C and group D). Each group consists of two SRAMs and the size of each SRAM 

is determined by the maximum height of input image (1,080 pixels), heights of two types 

of window (96 and 128 pixels) and one RGB data. The first horizontal pixel line in the 

lower position of the current detection window and the last horizontal pixel line in the 

upper position of the current detection window are required to calculate gy for the current 

detection window. In order to prevent reloading the same pixel data from the external 

memory to minimize the bus bandwidth, we use two pairs of register groups as shown in 

Fig. 4. Reg_A0 and Reg_B0 are alternately used to store the first horizontal pixel line in 

the lower position detection window, and Reg_A1 and Reg_B1 are alternately used to 

store the last horizontal pixel line in the upper position detection window. The number of 

registers in each group is determined by the number of cells in horizontal direction of 

detection window. By using the four groups of SRAMs and registers alternately, the 

proposed circuit can process full HD images in real time and the bus bandwidth is mini-

mized. 

 

4.2 Gradient Calculator and Magnitude Calculator circuit 

 

Fig. 5 shows the proposed Gradient Calculator circuit. Since the proposed circuit is 

unified to support two types of detection window and color format of input image, Gra-

dient Calculator circuit calculates 24 pairs of gradients when 64×128-pixel detection 

window (p=8) is applied and color format of input image is RGB (three data for each 

pixel). When color format of input image is grayscale (one data for each pixel) and the 

size of detection window is 48×96 (p=6), a total of six pairs of gradients are calculated. 

In order to calculate gradients for each pixel, Gradient Calculator circuit transfers the 

request signals to Input Controller circuit to select the appropriate SRAMs and registers 

in which the required pixel data for the current operation are stored. Then, each selector 

in Fig. 5 determines the required pixel data among three 192-bit data. As shown in the 

figure, a total of 24 adders are used to calculate the gradients and they are shared to cal-
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culate both of gx and gy to reduce the circuit size. 

 

 

Fig. 5. Architecture of Gradient Calculator circuit. 

 

 
(7) 

Magnitude Calculator circuit calculates gradient magnitude for each pixel by using 

each pair of image gradients, and it is also unified to support two types of detection win-

dow and color format of input image. Since the maximum number of gradient pairs is 24, 

a total of 24 magnitudes are calculated in one clock cycle in the proposed circuit. We 

adopted an approximation[9] in Eq. (7) to avoid the square root operation in Eq. (3), and 

employed fixed-point arithmetic with a 14-bit fraction part. When input image is RGB, 

one of the three channels should be selected by comparing the values of gradient magni-

tude. In the proposed circuit, the channel with the maximum value of gradient magnitude 

is selected by a comparator for each pixel. By using the result of the comparison, Gradi-

ent Calculator circuit selects one pair of gradients among three pairs of gradients for 

each pixel and transfers the selected gradients to α & β Calculator circuit. 

          

4.3 α & β Calculator circuit 

 

As shown in Eq. (4), the operations of division and arctangent function are required 

to calculate gradient orientation for each pixel. Similar to [3] and [4], an approximation 

for gradient orientation calculation is applied in the proposed circuit to avoid these oper-

ations. As shown in Eq. (8), the orientation for each pixel can be approximately deter-

mined as θi by multiplying the absolute value of gx to tanθi and tanθi+1 and comparing 

them to the absolute value of gy. Then, the two nearest bins are determined by θi. The 

operation of tangent function can be avoided by using a LUT for tanθ. The proposed α & 

β Calculator circuit calculates two nearest orientation bins and the corresponding 

weights for each pixel by using LUTs for tanθ and Wθ with the interval of 1°. In the pro-

posed circuit, α represents the two nearest bins for the gradient orientation (n1 and n2) and 

β represents the corresponding weights (na and nb). 

 

 
(8) 

In order to determine the gradient orientation for each pixel among 0° ~ 180° by 
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linear search, the operations in Eq. (8) are required for 180 times. However, it is required 

only 18 times in the proposed circuit by applying coarse and fine search. As shown Fig. 6, 

tanθ table contains only 89 tangent values of 1° ~ 89° since the tangent values of 1° ~ 

180° are symmetric with the respect to 90° with the opposite sign. The proposed circuit 

processes up to eight pixels (p=8) at the same time by adopting the parallel architecture, 

and it determines the two nearest orientation bins and the corresponding weights for each 

pixel in two clock cycles. In coarse search, the circuit determines two representative ori-

entations for each pixel by using nine tangent values with the interval of 10°. In Fig. 6, ti 

represents a tangent value of orientation i, and the tangent values for the two representa-

tive orientations are indicated as tA and tB. Since the interval of orientations is 10° in 

coarse search, the interval of A and B is also 10°. In fine search, the circuit determines the 

final orientation by using nine tangent values with the interval of 1°. The orientations of 

the nine tangent values in fine search have the range of (A+1)° ~ (A+9)°. After finding 

the final orientation for each pixel in fine search, the proposed circuit determines the 

corresponding orientation bins (n1 and n2) and weights (na and nb). In order to determine 

the weight for each orientation, Wθ table is used in the proposed circuit as shown in Fig. 

6. Since the weights differ by 1° in each interval of 10°, only ten values are defined in Wθ 

table. By using these characteristics of tanθ and their weights, the size of LUTs is mini-

mized in the proposed circuit. 

 

 

Fig. 6. Architecture of α & β Calculator circuit. 

 

4.4 Trilinear Interpolation Calculator circuit 

 

In order to remove the redundant operations to accelerate the processing speed, tri-

linear interpolation technique is usually discarded in other circuits. In the proposed cir-

cuit, however, trilinear interpolation technique is applied while all redundant operations 

in each image frame are totally removed. As described in the previous section, most cells 

have up to four types at the same time depending on the position in overlapping blocks, 

and each block belongs to several overlapping detection windows depending on the posi-

tion in input image. An example of trilinear interpolation for four overlapping blocks is 

shown in Fig. 7. When the orientation of pixel_A positioned at (1, 1) in cell_a is 19°, the 

two nearest orientation bins are determined as 0 and 1. By considering four overlapping 
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blocks and the position of cell_a in each block, a total of 18 results are calculated by Eq. 

(5) and distributed into the corresponding orientation bins. The results of trilinear inter-

polation are accumulated into bins 0, 1, 9, 10, 18, 19, 27, 28 for block_a, bins 0, 1, 18, 19 

for block_b, bins 0, 1, 9, 10 for block_c, and bins 0 and 1 for block_d. When the size of 

detection window is 48×96 pixels and overlapped by 6 pixels in an image, each 

6×6-pixel cell belongs to up to 105 detection windows at the same time. Therefore, the 

amount of computations in Fig. 7 is increased by 105 times. However, those redundant 

operations are removed in the proposed circuit since each cell is calculated only once by 

efficiently scheduling and storing the intermediate results before being used for block 

normalization.  

 

 

Fig. 7. Example of trilinear interpolation for four overlapping blocks. 

Table 1. Equations of trilinear interpolation for four overlapping blocks 

re-

gion 
block trilinear interpolation 

re-

gion 
block trilinear interpolation 

SC1 

block_a 

[α]←M×D×G4×β 

SC2 

block_a 
[2N+α]←M×B×G4×β 

[N+α]←M×B×G4×β [3N+α]←M×A×G4×β 

[2N+α]←M×C×G4×β 

block_b 

[α]←M×B×G3×β 

[3N+α]←M×A×G4×β [N+α]←M×D×G3×β 

block_b 
[α]←M×B×G3×β [2N+α]←M×A×G3×β 

[2N+α]←M×A×G3×β [3N+α]←M×C×G3×β 

block_c 
[α]←M×C×G2×β block_c [N+α]←M×A×G2×β 

[N+α]←M×A×G2×β 
block_d 

[α]←M×A×G1×β 

block_d [α]←M×A×G1×β [N+α]←M×C×G1×β 

SC3 

block_a 
[2N+α]←M×C×G4×β 

SC4 

block_a [3N+α]←M×A×G4×β 

[3N+α]←M×A×G4×β 
block_b 

[2N+α]←M×A×G3×β 

block_b [2N+α]←M×A×G3×β [3N+α]←M×C×G3×β 

block_c 

[α]←M×C×G2×β 
block_c 

[N+α]←M×A×G2×β 

[N+α]←M×A×G2×β [3N+α]←M×B×G2×β 

[2N+α]←M×D×G2×β 

block_d 

[α]←M×A×G1×β 

[3N+α]←M×B×G2×β [N+α]←M×C×G1×β 

block_d 
[α]←M×A×G1×β [2N+α]←M×B×G1×β 

[2N+α]←M×B×G1×β [3N+α]←M×D×G1×β 

 

In [2], we proposed a novel algorithm to remove the redundancies in a single detec-

tion window. The algorithm in [2] is applied to the proposed circuit and expanded to to-
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tally remove the redundant operations in a whole image. In order to calculate trilinear 

interpolation for four overlapping blocks, the equations in Table 1 are applied to the 

proposed Trilinear Interpolation Calculator circuit. In this table, G1 ~ G4 represent the 

Gaussian weights for the four overlapping blocks and the result of Wx×Wy is indicated as 

A, Wx×(1–Wy) is indicated as B, (1–Wx)×Wy is indicated as C, and (1–Wx)×(1–Wy) is in-

dicated as D. As shown in Table 1, the equations for trilinear interpolation are the same 

with [2] except bin numbers. In [2], bin numbers are scheduled by considering all 105 

blocks in a detection window (bin numbers: 0~3779). In the proposed circuit, however, 

bin numbers are scheduled by considering each individual block (bin numbers: 0~35). 

The proposed circuit processes non-overlapping detection windows in the vertical direc-

tion of each image, and calculates HOG feature by cell-based operation. In order to to-

tally remove the redundant operations in a whole image, the intermediate results for the 

blocks on the boundary of detection windows as shown in Fig. 8 should be retained be-

fore being used for block normalization. In the propose circuit, therefore, bin numbers for 

four overlapping blocks are appropriately scheduled by considering each individual block 

in Trilinear Interpolation Calculator circuit, and the intermediate results for those blocks 

are stored into registers and SRAMs in Bin Accumulator circuit. By identifying key rules 

in trilinear interpolation and by considering the operations for each cell in four overlap-

ping blocks in advance, the number of required cells to calculate HOG feature is signifi-

cantly reduced as described in [2]. Furthermore, by scheduling the intermediate results 

for four blocks at the same time and by accumulating them into the appropriate storage 

spaces, the redundant operations in each image frame are totally removed in the proposed 

circuit. 

 

 

Fig. 8. HOG blocks on boundary of detection windows. 

 

Fig. 9 shows the architecure of the proposed Trilinear Interpolation Calculator cir-

cuit. As shown in the figure, a parallel architecture is adopted to process up to eight pix-

els at the same time by considering p=8. In the figure, the magnitudes are indicated as 

M_0 ~ M_7 and the two nearest bins and the corresponding weights for each pixel are 

indicated as bin_info_0 ~ bin_info_7. In trilinear interpolation, WG is determined by the 

size of block and the position of each pixel in the block, and Wx and Wy are determined 

by the size of cell and the position of each pixel in the cell. Therefore, the pre-computed 

values are used in the proposed circuit. In Fig. 9, the total number of elements in WG ta-

ble is 400 (144 for 12×12-pixel block and 256 for 16×16-pixel block). In (Wx & Wy) table, 

a total of 400 elements are defined (144 for 6×6-pixel cell and 256 for 8×8-pixel cell).  

When the four overlapping blocks are considered in advance, a total of 18 results 

are calculated for the two nearest bins as shown in Fig. 7 and Table 1. In the proposed 

circuit, the appropriate bin numbers for four blocks are determined by bin number sched-

uler. In Fig. 9, tri_out_a0 ~ tri_out_a8 represent the nine results of trilinear interpolation 
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for bin n1, and tri_out_b0 ~ tri_out_b8 represent the nine results of trilinear interpolation 

for bin n2. In order to identify the pixel position in each cell, we used line_half and 

cell_half signals. The value of line_half is 0 when a pixel is positioned in either of SC1 

and SC2, and the value of cell_half is 0 when a pixel is positioned in either of SC1 and 

SC3. Otherwise, the value of each signal is 1. Since the circuit calculates a total of 144 

(36 bins × 4 blocks) results by considering the four overlapping blocks simultaneously, 

we used 1,008 adders (7 adders for each of 144 bins) to accumulate them in the accumu-

lator.  

 

 

Fig. 9. Architecture of Trilinear Interpolation Calculator circuit. 

 

 

Fig. 10. Detailed architecture of trilinear interpolation calculator_i circuit. 
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Fig. 10 shows the detailed architecture of the proposed trilinear interpolation cal-

culator_i circuit (i=0~7). In order to reduce the circuit size, the circuit resources are 

shared for the common operations by applying the multiplication operands of trilinear 

interpolation with the specific order presented in [2]. As shown in the figure, each input 

data for the shared multipliers is determined by line_half and cell_half signals.  

  

4.5 Bin Accumulator circuit 

 

 

Fig. 11. Operation order of cells in detection window. 

 

The proposed circuit calculates the operation of trilinear interpolation for four over-

lapping blocks simultaneously. Therefore, the intermediate results for the blocks should 

be stored into the storage spaces before being used for block normalization. In the pro-

posed circuit, each cell in detection window is calculated in the order shown in Fig. 11. 

Since the number of required cells for block normalization is four by considering 

2×2-cell block, at least nine storage spaces are required to store the intermediate results. 

Therefore, we use nine register groups to store the intermediate results of HOG feature 

for nine blocks to reduce the circuit size. 

 

 

Fig. 12. Architecture of Bin Accumulator circuit. 

 

As shown in Fig. 12, each register group consists of 36 registers since each block 

consists of 36 orientation bins. In order to remove the redundant operations for the next 

vertical line of detection windows to totally remove the redundancies in a whole image, 

the intermediate results for 179 blocks on the boundary of detection windows shown in 

Fig. 8 should also be retained since the maximum number of blocks in the vertical direc-

tion of each full HD image is 179 in case that p=6. Therefore, two 89×1080-bit SRAMs 
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are alternately used in the proposed circuit. Since each block consists of four cells, the 

nine register groups and two SRAMs are updated four times at every six clock cycles 

before being transferred to Block Normalization Calculator circuit. By using nine register 

groups and one SRAM group and by managing them appropriately according to the ori-

entation bin numbers, the redundant operations can be totally removed in the proposed 

circuit. 

 

4.6 Block Normalization Calculator circuit 

 

As shown in Eq. (6), the operations of square root and division are required in block 

normalization. In the proposed circuit, 36 multipliers and adders are used to calculate the 

operand of the square root operation since each block consists of 36 orientation bins. The 

method to implement a fixed-point arithmetic for square root operation is presented in 

[10], and we adopted it in the proposed circuit. In order to avoid the division operation in 

Eq. (6), we adopted an approximation presented in [3]. By comparing the results of the 

square root operation using the equations in [3], the division can be replaced to shift op-

eration. The common operations in the equations are shared in the proposed circuit and 

each block for 36 orientation bins is calculated in 22 clock cycles in the proposed circuit. 

5. EXPERIEMTNAL RESULTS 

Table 2. Synthesis results and performance of proposed circuit 

Image size (pixels) up to 1920×1080 (full HD) 

Scaling factor 0.9 

Color format of input image RGB, grayscale 

Detection window size (pixels) 48×96 64×128 

Cell size (pixels) 6×6 8×8 

# of clock cycles per cell 36 cycles 48 cycles 

# of different levels of resolution per full HD frame 23 20 

# of cells per full HD frame  

(including the scaled images) 
297,966 165,983 

Speed 26.3 frames/s 36.7 frames/s 

Maximum operating frequency 283MHz 

Gate count 1,571,559 

SRAMs 675,216 bits 

 

We described the proposed high-performance HOG feature calculation circuit using 

Verilog HDL, and synthesized the gate-level circuit using a 65nm standard cell library. 

The synthesis results and the performance of the proposed circuit are shown in Table 2. 

As shown in the table, the synthesized circuit consists of 1,571,559 gates, and its maxi-

mum operating frequency is 283MHz. The proposed circuit can process variable sizes of 

input image up to full HD and support both RGB and grayscale color formats. It also 

supports both 48×96-pixel and 64×128-pixel detection windows, and the size of cell for 

each detection window is 6×6 and 8×8 pixels, respectively. By adopting the parallel ar-
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chitecture with pipelines, each cell is calculated in 6p clock cycles. The performance of 

the proposed circuit is determined by the number of cells in each image frame instead of 

the number of detection windows since each cell is calculated only once by removing all 

redundancies. When a full HD image is scaled down with the scaling factor of 0.9 and 

the size of detection window is 48×96 pixels, the number of different levels of resolution 

for each full HD image frame is 23. Since the number of 6×6-pixel cells in the images is 

297,966, the proposed circuit processes up to 26.3 frames per second (each frame in-

cludes 23 different levels of resolution) at 283MHz. For 64×128-pixel detection window, 

the number of different levels of resolution for each full HD image frame is 20, and a 

total of 165,983 8×8-pixel cells are included in these images. At the maximum operating 

frequency of 283MHz, the proposed circuit processes up to 36.7 frames per second (each 

frame includes 20 different levels of resolution). The circuit in [5] is also synthesized 

using standard cells. It is synthesized using a 130nm standard cell library and they re-

ported that the gate count of the synthesized circuit is 153K and the performance is 1,641 

fps using 3,200×2,048-pixel images at the operating frequency of 167MHz. Since they 

used approximation methods to replace the complex operations in HOG feature calcula-

tion, their circuit can be implemented with a lower cost and high throughput. However, 

the image scaling technique and the interfaces with both the external and internal memo-

ries are not considered in the evaluation. In addition, the approximated linear interpola-

tion instead of trilinear interpolation is applied. 

 

 

Fig. 13. Comparison results of detection rates. 

Since the approximations are adopted for efficient hardware implementation in the 

proposed circuit, the experiments to evaluate the loss of detection rate due to the ap-

proximations in HOG feature calculation are conducted. The approximations include the 

operations of square root in magnitude calculation, tangent function in orientation calcu-

lation, and division in normalization calculation. In order to evaluate detection rate, we 

tested the pedestrian detector on Daimler[11] pedestrian datasets using linear support 

vector machine (SVM)[12]. 5,000 positive and 5,000 negative samples are used to train 

the detector, and 10,000 positive and 12,870 negative samples are randomly selected for 

testing. The experimental results are shown in Fig. 13. As shown in the figure, detection 

rate of the proposed circuit is 78% and the degraded detection rates due to the approxi-

mations are only 1% at 10
-4

 FPPW. 
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As described in Section 1, the number of required cells to calculate HOG feature for 

each input image is significantly reduced in the proposed circuit since the redundant op-

erations due to the overlapping windows and blocks are totally removed. As shown in 

Table 3, when a VGA image is scaled down with the scaling factor of 0.9 and the size of 

detection window is 48×96 pixels, the number of different levels of resolution for each 

VGA image frame is 15. Since a total of 26,790 detection windows are included in 15 

images and each window is calculated by overlapping-based operation, the number of 

required cells to calculate HOG feature is 11,251,800 (26,790×420 cells). In [2], we de-

scribed that the number of required cells to calculate HOG feature for a detection win-

dow is 420 due to the overlapping blocks. In the proposed circuit, the number of required 

cells is reduced to 42,130 (99.6% reduction) since the redundant operations due to the 

overlapping windows and blocks are totally removed. Considering full HD images and 

the scaling factor of 0.8 in the same way, the number of required cells to calculate HOG 

feature is reduced from 55,216,980 to 157,851 (99.7% reduction). By removing all re-

dundant operations in overlapping windows and overlapping blocks, each cell in each 

image is calculated only once and the amount of required computations is reduced up to 

99.7% in the proposed circuit. The circuits in [6] ~ [8] can also achieve the same reduc-

tion rate. However, they provide lower detection rate since trilinear interpolation tech-

nique is discarded or approximated. 

Table 3. Number of 48×96-pixel windows and cells in VGA image (scaling factor: 0.9) 

 

Table 4 shows the comparison results to other circuits in which the redundant opera-

tions are removed by considering the overlapping operations in advance. Therefore, the 

number of overlapping windows per frame in other circuits is also 0. Unlike the proposed 

 
Image size 

(pixels) 

# of overlapping 

windows 
# of cells 

Proposed 

# of overlapping 

windows 
# of cells 

1 640×480 6,435 2,702,700 0 8,480 

2 576×432 5,073 2,130,660 0 6,912 

3 518×388 3,871 1,625,820 0 5,504 

4 466×349 3,010 1,264,200 0 4,466 

5 419×314 2,294 963,480 0 3,588 

6 377×282 1,760 739,200 0 2,914 

7 339×253 1,323 555,660 0 2,352 

8 305×227 946 397,320 0 1,850 

9 274×204 722 303,240 0 1,530 

10 246×183 510 314,200 0 1,230 

11 221×164 348 146,160 0 972 

12 198×147 234 98,280 0 792 

13 178×132 154 64,680 0 638 

14 160×118 76 31,920 0 494 

15 144×106 34 14,280 0 408 

Total - 26,790 11,251,800 
0 

(non-overlapping) 
42,130 
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circuit, other circuits support only graycale image and one type of detection window. 

Furthermore, any interpolation techniques are not adopted in [6] and [7], and trilinear 

interpolation is approximated in [8]. The proposed circuit, on the other hand, trilinear 

interpolation technique is applied as it is while the redundant operations are totally re-

moved. Therefore, the proposed circuit provides higher detection accuracy since trilinear 

interpolation technique improves detection rate up to 13% according to the experiments 

in [2].  

Table 4. Comparison results to other circuits 

 [6] [7] [8] Proposed 

Image size (pixels) 1024×768 640×480 800×600 ~ 1920×1080 

Image scaling Yes Yes N/A Yes 

Color format grayscale grayscale grayscale 
grayscale 

RGB 

Window size  

(pixels) 
64×128 64×128 64×128 

48×96 

64×128 

Cell size 

(pixels) 
8×8 8×8 8×8 

6×6 

8×8 

Block size 

(pixels) 
16×16 16×16 16×16 

12×12 

16×16 

Interpolation  X X approximated  trilinear 

Implementation 

technology 
Virtex-6 C674X DSP Cyclone IV 

65nm 

standard cells 

Performance 13 fps 20 fps 72 fps 
26.3 fps 

36.7 fps 

Normalized  

speed improvement 

of proposed circuit 

×7.3 ×12.5 ×2.2 - 

 

In order to evaluate the performance of HOG feature calculation circuits, various 

factors such as the sizes of input image and detection window, scaling factor, and the 

sizes of cell and block should have the same conditions. Also, the circuits should be 

compared with the equivalent implementation technology. As shown in Table 4, some of 

those factors in [6] ~ [8] are different from the proposed circuit. Therefore, we assumed 

the same size of input image and the same value of scaling factor in order to compare the 

normalized performance of the proposed circuit to others. The condition of implementa-

tion technology is not considered in the following evaluations and comparisons since it is 

difficult to be normalized. Therefore, the comparison of circuit resources is not included. 

When the scaling factor of 0.9 is applied to 1024×768-pixel input image, the number of 

required cells to calculate HOG feature is 61,529 in 17 consecutive scaled images. Since 

the proposed circuit processes each 8×8-pixel cell in 48 clock cycles, it can process 96 

fps which is 7.3 times faster than [6]. For VGA images, the performance of the proposed 

circuit is 250 fps which is 12.5 times faster than [7]. When the size of input image is 

800×600 pixels and the image scaling technique with the scaling factor of 0.9 is applied, 

the number of different levels of resolution is 15 and a total of 37,011 8×8-pixel cells are 
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included in those images. In this case, the proposed circuit processes 158 fps which is 2.2 

times faster than [8]. Even though the proposed circuit processes the largest amount of 

computations by supporting the largest size of input image and applying trilinear inter-

polation, it is superior to others in terms of the processing speed. Detection rate of the 

proposed circuit is also superior since only the proposed circuit applied trilinear interpo-

lation technique as it is. 

 

6. CONCLUSIONS 

In order to accelerate the processing speed with high detection rate, the proposed 

circuit is carefully designed to apply trilinear interpolation technique while removing all 

redundant operations in overlapping blocks per detection window and overlapping win-

dows per image frame. By identifying key rules in trilinear interpolation and managing 

the intermediate results efficiently, the proposed circuit can afford to apply trilinear in-

terpolation to provide high detection rate while removing all redundancies in overlapping 

blocks and windows. The proposed circuit supports variable sizes of input image with 

two types of color format and two types of detection window, and parallel architecture 

with pipelines is adopted to accelerate the processing speed. The bus bandwidth is mini-

mized by managing internal memories and registers efficiently, and the circuit size is 

reduced by sharing the circuit resources for the common operations and by minimizing 

the required storage spaces. Considering full HD images with the scaling factor of 0.9 

and the operating frequency of 283MHz with 65nm standard cell library, the proposed 

circuit can process up to 26.3 frames per second when 48×96-pixel detection window is 

applied and up to 36.7 frames per second when 64×128-pixel detection window is ap-

plied. Since the performance of the proposed circuit is superior to other circuits, the pro-

posed circuit can be used for real-time pedestrian detection in many applications in 

which both high detection rate and fast detection time are strongly required. Furthermore, 

it can be easily interconnected with other IPs conforming to AMBA 3.0 protocol. 
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