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Abstract—  

This paper introduces a novel technique for designing a 3D VLSI floorplan using O-Tree representation. In this research paper, an 

algorithm (tool) is developed for optimizing the area of the chip, which is a key requirement in fabricating compact and miniaturized 

ICs. The developed algorithm can optimize any number of tiers (or layers). This paper has worked and compared results with 2, 3, and 

4 tiers. An improved memetic optimization technique is used in which the genetic algorithm is used for global exploration and an 

improved local technique is used to improve the result in that search region. The representation for the floorplan used is O-Tree (Ordered 

Tree) and the CBLSP (Code Based Location Search and Position) methodology is used to implement the representation. Results are 

checked and compared with MCNC (Microelectronics Center of North Carolina) benchmark circuits. Results show an improvement with 

the best results in all the benchmark circuits in different tiers with a range of 2% to 48.8% (or reduction) in area. 

Keywords—3D ICs, O-tree representation, MCNC Benchmarks, Memetic algorithm, VLSI Floorplan. 

DOI Number: 10.14704/nq.2022.20.9.NQ44710            Neuro Quantology 2022; 20(9):6086-6094 

 

I. INTRODUCTION 

VLSI technology-based gadgets have been etched in 
today's generation as an essential part of life. Floorplanning is 
an essential step of the physical design step of the VLSI 
Design cycle as it determines the performance of the 
manufactured chip. The process of managing, placing, and 
arranging the blocks or cuboids and their netlist on the die is 
called floorplanning. Much research has commenced in the 
2D floorplan techniques, now researchers are aggressively 
looking in the third dimension for improved performance as 
the size, interconnect length and consequently speed depend a 
lot on these parameters. When the third dimension (Z) is added 
to the existing 2D (X and Y plane) plane, area and 
interconnect lengths get shortened to a great extent enhancing 
the performance of the chip. Another perspective of making a 
3D IC is to divide the 2D plane into several layers (or tiers). 
Most of the research papers have utilized 4 layers for the 
floorplan. In the implemented research, the 2D floorplan is 
divided in an efficient way into layers and the goal is to 
minimize the area or size of the designed floorplan. 
Overlapping of the modules is strictly prohibited in designing 
the floorplan. The designed floorplan in the presented paper is 
rectangular in shape. A general description of the 3D IC with 
an application chip (a simple microcontroller) is shown in 
figure 1. The various layers of 3D IC are separated by 
interconnects or vias. The layer may include some application 
chips such as processors, SRAMs, DRAMs, ADC, and some 
control circuitry with some sensors. The proposed work can 

be boon to a variety of modern-day applications including 
health-related applications like Brain-computer interaction, 
Genetic and Circuit mechanisms, neurosciences, etc. 

 

Fig. 1.  A simple description of the 3D representation of blocks embedded 

in various layers with a possible microcontroller application as a 3D IC.  

There are many representations proposed by researchers 
that include models based on polish expression in 1986 [1], 
the Branch and bound method in 1991 [2], the Sequence Pair 
representation in 1995 [3], the Bounded Slicing Grid (BSG) 
structure in 1997 [4], O-Tree representation in 1999[5], 
Corner Block List (CBL) in 2000 [6], one of the widely used 
representations: Binary tree (B*-Tree) in 2000 [7], Skewed 
B*-Tree in 2022 [8]. Though the binary tree is the most widely 
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used representation, the presented paper has used the Ordered 
Tree or O-Tree representation [5] due to its advantages and 
flexibility of connecting any number of nodes to any other 
node which is not possible in the B*-Tree representation 
where a maximum of two nodes can be connected to a 
particular node. The representation is implemented by the 
CBLSP methodology [9] with non-slicing floorplan type. 
Also, the computational complexity to transform the O-Tree 
representation to its corresponding floorplan is just O(n). For 
n modules, the search space of the O-Tree representation is 
just n!Cn [10]. 

Where,  

𝐶𝑛 =
1

2𝑛+1
(

2𝑛+1

𝑛
)                                      (1) 

The floorplan problem is NP-hard, and the solution space 
is quite huge, it is imperative to use some kind of optimization 
technique, to optimize the desired parameter (area in this 
paper) efficiently. Many types of optimization techniques 
have been used by researchers without or with shape 
flexibility (hard modules [10] and soft modules [11]) like 
Genetic Algorithms mentioned in [12]-[14], Memetic 
algorithms [10][15], most widely used Simulated Annealing 
(SA) method [16][17], Particle Swarm Optimization (PSO) 
[18], PSO with chaos strategy [19], Clonal selection algorithm 
[20], hybrid forms with Genetic and Particle Swarm 
Optimization [21], hybrid forms with genetic algorithms and 
an evolutionary algorithm [22] and many more. Research on 
soft modules benchmarks has also been commenced like 3D 
IC design using hybrid Multi-verse optimizer [23]. In the 
presented paper, the memetic algorithm has been used on hard 
modules in which a genetic algorithm has been used for global 
exploration and an efficient local search method for an 
optimized solution out of the searched solution. The results are 
checked on MCNC Benchmark circuits. In this paper, the 
terms operator and function are used interchangeably. Also, 
the terms tier and layer are used interchangeably. 

II. PROBLEM STATEMENT 

In the floorplanning problem, let P = {n1, n2, n3, ….., nn) 
be the n number of rectangular modules or nodes or blocks, 
where wi and hi be the width and height of ni

th module. The 
objective of the floorplan problem in this paper is to optimize 
the floorplan area (A), where ai is the area of the ith module. 
All the modules in this paper are considered to be hard 
modules where the dimensions of the module cannot be 
changed but the module is free to rotate or move. 

Another objective of the floorplan problem is to divide the 
floorplan into a number of tiers ‘t’ or layers and the floorplan 
is divided uniformly between these layers in such a way that 
the minimum area can be achieved, where a minimum fixed 
outline (minimum bounding rectangle) can be drawn out of 
the maximum x and y dimension from all the layers. 
Overlapping between modules is strictly prohibited. 

The ideal area (I.A.) of the floorplan problem is given by 
equation (2): 

𝐼. 𝐴. = (∑ 𝐴(𝑖))/𝑡
𝑛

0
                  (2) 

Where, 

𝐴(𝑖) = 𝑤(𝑖) ∗ ℎ(𝑖)                  (3) 

Hence, 

𝐼. 𝐴. = (∑ 𝑤(𝑖) ∗ ℎ(𝑖))/𝑡
𝑛

0
                (4) 

Where, t: number of tiers. 

The achieved floorplan area of the floorplan problem is 
given by the equation 

 𝐹 = 𝑚𝑎𝑥𝑥 ∗ 𝑚𝑎𝑥𝑦                      (5) 

Where, 

maxx: maximum x-axis value from all the layers 

maxy: maximum y-axis value from all the layers. 

The fitness value of the floorplan defines how close the 
floorplan is to the ideal value and it is defined as: 

𝐹𝑖𝑡 = 𝐼. 𝐴./𝐹. 𝐴.                               (6) 

Where,                         0 ≤ 𝐹𝑖𝑡 ≤ 1 

Putting equations (4) and (5) in (6) gives: 

𝐹𝑖𝑡 = (∑ 𝑤(𝑖) ∗ ℎ(𝑖))/(𝑡 ∗
𝑛

0
 𝑚𝑎𝑥𝑥 ∗ 𝑚𝑎𝑥𝑦)       (7) 

The dead space (D.A.) is the unoccupied area and may be 
considered and used as white space (useful space) in 3D ICs. 
Its value is given by equation (8): 

𝐷. 𝐴. = 1 − 𝐹𝑖𝑡                 (8) 

Putting equation (7) in (8) gives: 

𝐷. 𝐴. =
𝑡∗𝑚𝑎𝑥𝑥∗𝑚𝑎𝑥𝑦 − ∑ 𝑤(𝑖)∗ℎ(𝑖)

𝑛

0

𝑡∗𝑚𝑎𝑥𝑥∗𝑚𝑎𝑥𝑦
             (9) 

III. PROPOSED MEMETIC ALGORITHM WITH O-TREE 

REPRESENTATION 

The presented paper has utilized one of the most important 
and efficient representations: O-Tree representation used for 
floorplan problems [5]. This representation is implemented by 
using the CBLSP methodology [9]. The 3D floorplan can be 
generated by dividing the floorplan into various tiers and 
applying the representation and optimization techniques on 
these layers as shown in figure 2. 
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Fig. 2. The O-Tree representation in each tier and the equivalent placement 

of modules in a four-tier system. 

A. Selecting Modules and Samples 

In this subsection, the number (and identity) of modules 
are selected for a particular tier system in the 3D floorplan. In 
the presented algorithm, the number of modules is selected by 
calculating the summation of individual areas of the modules. 
If the summation comes near the acceptable limit or range of 
the ideal area, then that sample is selected for further 
operations. This is important since ideally, an area equal to the 
ideal area is desirable. The function continues to execute until 
the near-range summation area in each tier is achieved. During 
the execution of the algorithm, it has been found that in 
maximum cases for MCNC benchmarks, a tolerance of 5% 
area near the ideal area is enough. After this, the operations 
performed on these layers will remain the same in each tier 
system. A simple flowchart of the algorithm for selecting 
nodes in various tier systems is shown in figure 3. 

 

Fig. 3. A flow chart for selecting nodes in various tiers. 

B. Crossover (Genetic Algorithm) 

Crossover is the heart of the genetic optimization 
technique. In this operator, two parents are used to generate a 
child by sharing some attributes or characteristics from both 
parents. A particular branch with some nodes from the O-Tree 
representation of parent P1 is selected (some percentage 
attributes are taken). The selected nodes from parent P1 are 
deleted in Parent P2. The remaining nodes in both parents are 
combined to form a new child C1. The attribute sharing in the 
presented algorithm is kept between 25%-55%. It is not a 
surety that the crossover operator will always generate a better 
solution. If a worse child is generated than its parents then the 
child is rejected. A better child (better fitness) than its parents 
is kept. It has been found that for parents with weak fitness, 
the probability of generating a better child is high. For parents 
with strong fitness, the probability of generating a better 
solution is quite low. That’s why, in the developed algorithm, 
the crossover step is strictly followed for weak parents, while 
for high fit parents, the crossover step is followed with some 
probability. This probability enhances the speed of the 
algorithm. The concept of crossover operator is shown in 
figure 4(a) where a particular sub-tree from Parent ‘P1’ with 
nodes n6, n7, n8, and n9 are selected and the selected nodes 
are deleted in parent P2. After the nodes are deleted, the 
selected sub-tree from parent P1 is connected to the leftover 
Parent ‘P2’ to generate a new tree, child ‘C1’. It is clearly 
visible from figure 4 (a) that the generated child C1 holds the 
characteristic of both the parents ‘P1’ and ‘P2’. 

1) Parents Swapping: The swapping operator is 
implemented in the algorithm, to give equal opportunities to 
both the parents to act as parents ‘P1’ and ‘P2’. In this operator 
both the parents are interchanged giving equal opportunities 
and searching for more relevant solution space. Results have 
shown the usefulness of this operator, giving optimized 
results. Out of the obtained results, the best result is kept. 

C. Mutation 

In the developed tool, different types of mutation functions 
are implemented rather than simple mutation. It aids in 
optimizing local solutions from the global search space. 
Results have shown an immense improvement in the results 
by utilizing this operator. In the multi-variable problem, there 
can be many types of mutation that can be implemented as 
mentioned in the following sub-sections. 

1) Sub Branch Swapping: In this type of operator, a 

branch of the O-Tree representation is swapped with another 
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branch of the same representation. This changes the position 

of the blocks in the floorplan and may result in an optimized 

floorplan. Hence this operator helps in better searching of the 

particular solution space. If a better result is obtained then 

that solution is kept. The concept of the sub-branch swapping 

function is shown in figure 4(b). In this two sub-branches 

({n1, n2, n3, n4, and n5} and {n6, n7, n8, and n9}) are 

selected randomly and exchanged with each other. The sub-

branch may or may not be connected to the root branch. 

 

2) Node Mutation: In this type of operator (or 

function), a particular node or a series of nodes are moved 

from its existing position to some other node position. To 

implement this, two nodes are selected randomly, and then 

the first selected node is connected to another selected node. 

This type of function may help in placing appropriate 

modules at appropriate positions resulting in a better 

floorplan. In the implemented algorithm, a maximum of two 

node mutations are implemented. This helped in a better 

solution in less amount of time. O-Tree representation is 

particularly adapted to this operator since any node can be 

connected to any other node, which is not possible in B*-Tree 

representation, where a maximum of two nodes can be 

connected to another node. The concept of node mutation is 

shown in figure 4(c). In figure 4(c), single and double node 

mutation is shown. In single node mutation, two nodes ‘n1’ 

and ‘n8’ are selected randomly. Where the first selected node 

‘n1’ is connected to the other selected node ‘n8’. In double 

node mutation, two connected nodes ‘n4’ and ‘n5’ are joined 

to another randomly selected node ‘n9’. 

 

3) Swap Node Mutation: In this type of node mutation, 

two nodes exchange their position. In this function, two nodes 

are selected randomly and then these nodes are exchanged 

with each other. As in node mutation, this function may help 

in placing appropriate modules at an appropriate position, 

which helps in optimizing the floorplan problem locally for a 

given solution space. Swap node mutation can be a single or 

series of mutations. The concept of swap node mutation is 

shown in figure 4(d). In this two nodes (node ‘n1’ and node 

‘n7’) are selected randomly and then swapped with each other 

to form a tree. 

 
(a) 

 

 
(b) 
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 (c)  

 

 
(d) 

Fig. 4. Summary of the proposed optimization technique with steps of (a) crossover, (b) Sub branch mutation operator, (c) Single and double node mutation 

function, (d) Node swap mutation function. 

 
 

Fig. 5. Flow chart of the outline of the algorithm. 
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4) Code Mutation: In this type of mutation, 

perturbation of code is done. For a given solution, (code and 

sequence of modules), a change of code is implemented. The 

position with code ‘0’ is chosen randomly, similarly another 

position with code ‘1’ is chosen. Then these codes are 

inverted (the code ‘1’ is changed to code ‘0’ and code ‘0’ is 

changed to code ‘1’). While choosing the different positions 

of the code, CBLSP methodology [9] is taken into 

consideration, where at any index of the code, the number of 

zeros should always be greater than or equal to the number of 

ones in the right direction. Similar to the general mutation 

function, this function helps too in generating an optimized 

floorplan and it can be a single mutation or series of 

mutations. After this operation, always the best solution is 

kept, rejecting others. 

 

5) Rotation: This is another mutation in which, a 

module is rotated by 90o or 270o. Rotation can be done simply 

by changing the widths and height of the module. Similar to 

all other mutation types, the rotation function can be 

performed on a single module or a series of modules. If a 

better solution is obtained by performing this function, then 

that solution is kept, rejecting others. 

D. Generation of New Samples 

If the desired solution is not achieved within a number of 

iterations. Then a new solution space is generated (as new 

Parents ‘P1’). In the developed tool, a percentage of the 

previous best solution space is kept in the new space while 

the worse solutions are removed. The removed solutions are 

replaced by newly generated solutions, mixed (crossover) 

solutions out of two solutions, mutated and rotated versions 

of solutions. This helps in exploring new solution space 

which increases the probability of generating the best fit 

(optimized) solution. The concise outline of the mentioned 

steps of the algorithm is shown in figure 5.  The steps 

described in the flowchart are already summarised in the 

previous subsections. 

IV. RESULTS AND DISCUSSION 

The code for the generated algorithm is implemented in 
the C++ language. The attribute sharing in the crossover part 
for Parent ‘P1’ is kept between 25%-55%. The algorithm is 
divided into various steps in such a way that if a certain 
condition is met then the further redundant steps are removed, 
making the algorithm faster to execute. 

TABLE I.  MCNC BENCHMARKS CHARACTERISTICS. 

Benchmarks APTE XEROX HP AMI33 AMI49 

Number of 

modules 
9 10 11 33 49 

Nets 97 203 83 123 408 

Pins 287 698 309 522 953 

I/O pads 73 107 43 42 24 

Ideal area 

for single 

46.56 19.35 8.83 1.16 35.45 

tier (mm2) 

Ideal area 

for a two-

tier system 

23.28 9.675 4.415 0.58 17.725 

Ideal area 

for a three-

tier system 

15.52 6.45 2.94 0.386 11.81 

Ideal area 

for four-tier 

system 

11.64 4.83 2.20 0.29 8.86 

 

The results were checked and compared with MCNC 
benchmark circuits. MCNC stands for Microelectronics 
Center of North Carolina. In 1987, Bryan Preas and Ken 
Roberts at Xerox PARC (Palo Alto Research Center) 
developed this language. This benchmark is used by many 
researchers as a standard to check their results on the 
developed algorithm or representation. The files of these 
benchmark circuits are in YAL (Yet Another Language) 
format. MCNC Benchmark characteristics are shown in table 
I. 

 

(a) AMI33 
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(b) AMI49 

Fig. 6. Simulated graphical result of the AMI33 and AMI49 benchmark 

circuits in 3D IC format with a four-tier system. 

The simulated graphical results of AMI33 and AMI49 for 
tier 4 are shown in figure 6. The blue line beside the axis line 
in the graphical representation shows the local minimum 
bounding rectangle of the particular tier in the circuit (for that 
particular tier) and the red line beside the axis line in the figure 
shows the overall minimum bounding rectangle of the 
floorplan area. The best result for the AMI33 benchmark 
circuit in figure 6 has used 6, 8, 11, and 8 different modules 
for tiers 1, 2, 3, and 4 respectively. The best result for the 
AMI49 benchmark circuit has used 7, 20, 5, and 17 different 
modules with different areas respectively for tiers 1, 2, 3, and 
4. 

Table II shows the comparison of the results of various 
research articles with our proposed algorithm result. 
Mentioned area in table II is in μm2. The best results in the 
area from previous literature have been taken for comparison. 
Results are compared with previous proposed algorithmic 
tools like TCG-based 2D array [24], CBA [24], MILP 
formulation [25], B*-Tree with SA [26], and Genetic based 
algorithm [27]. Results show that the proposed algorithm has 
generated the best results in each benchmark and each tier of 
the floorplan. For AMI33, the proposed algorithm has shown 
40.3%, 48.8%, and 2% improvement (reduction) for tiers 2, 3, 
and 4 respectively in the floorplan area. For the AMI49 
benchmark circuit, the proposed algorithm has shown an 8.7% 
improvement in tier 4. APTE benchmark has shown 25.5%, 
16.8%, and 21.8% reduction in area for tiers 2, 3, and 4 

respectively. XEROX benchmark circuit has shown 22.9%, 
25.7%, and 33.7% improvement for tiers 2, 3, and 4 
respectively. Hence the proposed algorithm is very effective 
in generating an optimized floorplan. The proposed algorithm 
has generated results in very less time. Though the time to 
implement the algorithm depends heavily on the machine on 
which the algorithm is executed. 

V. CONCLUSION AND FUTURE WORK 

With the increasing miniaturization of electronic circuits 
and better fabrication techniques, researchers are looking 
toward the third dimension for designing circuits in 3D ICs. 
The developed algorithm aims at minimizing the size of the 
chip. For this, the floorplan has been divided into various 
layers (tiers) in 3D technology. It has used O-Tree 
representation with CBLSP methodology at each layer. Since 
the VLSI floorplan is an NP-Hard problem, it has huge 
solution space and requires some optimization techniques. 
The presented algorithm has used the Memetic Algorithm in 
which the Genetic Algorithm is used for global exploration 
and local optimization technique for the desired result out of 
the solution search space. The obtained results through this 
optimization technique are checked and compared with 
MCNC Benchmark circuits. It has been found that the 
proposed algorithm has obtained the best results with a range 
of 2% to 48.8% reduction in area in all the tiers and benchmark 
circuits. The proposed result can be an asset for the 
manufacturing and designing VLSI industry with a wide range 
of applications including aviation, neurosciences, 
automobiles, space, genetics and circuit mechanism, etc. 

There are many representations with numerous 
optimization techniques that have been implemented in the 2D 
Floorplan problem as mentioned in the introduction section. 
There is an enormous possibility of implementing and 
checking the 2D techniques to 3D since the implemented 
research in 3D is quite limited. The proposed work (in 3D in 
this paper) can be further enhanced for the optimization of the 
variables: wirelength, temperature, and a combination of any 
two or more variables. The dead space in this work can be used 
effectively as white spaces with the introduction of wire and 
thermal vias. The work can also be enhanced for efficient 
clock gating and power supply of the circuit in 3D. The 
proposed work may also be tested for better performance by 
changing the parameters sharing, mutation, and rotation of the 
modules.  
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TABLE II.  COMPARISON OF THE PROPOSED ALGORITHM RESULTS (AREA IN UM
2) WITH PREVIOUS LITERATURE (NR- NOT REPORTED). 
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