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xii Abstract

Diploma Thesis
Sequence Pair Floorplanning Optimisation for 2D/3D ASICs

Spyridon Kyritsis

Abstract

Floorplanning has tremendous effects on the final qualities of the target Application Specific
Integrated Circuits (ASIC), such as its Power Consumption, Performance and Total Area.
Since floorplanning is one of the earliest stages in the ASIC design flow, it is governed by
various degrees of design freedom, ranging from the shape of the chip and its sub-units to
pin placement and more. However, such freedom comes at a cost. Missing the mark early
on in the process can cause irreparable damage further down the road, which can lead to
costly design cycles. In this work, we will tackle the floorplanning step from the scope of
area minimisation, specifically Rectangle Packing. In particular, we will focus in a packing
algorithm called Sequence Pair. Sequence Pair is a packingmethodology, that relies in a small
set of permutations, aiming to optimise the whitespace of a design, by utilising an iterative
approach. We will analyse in great detail the intrinsics and the nuances of the algorithm, and
we will provide insight into how it operates behind the curtain. By observing this behaviour,
we will introduce novel optimisation moves and starting solutions for the algorithm, that
massively accelerate improve its Quality of Results (QoR). The literature has long praised
the efficiency of Simulated Annealing (SA) as an optimisation method for problems like the
one Sequence Pair handles, but it has been incredibly secretive about the internals of their
methods. Because SA is a very parameter-sensitive method, we developed a mathematical
model for it and extensively experimented to find near-optimal parameters for different uses.
The SA knowledge we obtained, along with our novel strategies, were incorporated into a
highly customizable optimisation loop, that also featured a dynamic probability adjustment
system for the move selection, and produced great results. We will be comparing each update
we developed in an additive matter to determine their effectiveness. Finally, we will examine
what the literature has to offer for the inverse problem, i.e. how given a floorplan we can
obtain its Sequence Pair representation.

Keywords:
Floorplanning, Sequence Pair, Simulated Annealing, ASIC



Περίληψη xiii

Διπλωματική Εργασία
Βελτιστοποίηση Χωροθέτησης με Χρήση του Αλγορίθμου Sequence

Pair για 2D/3D Ολοκληρωμένα Κυκλώματα

Σπυρίδων Κυρίτσης

Περίληψη

Η Χωροθέτηση έχει φοβερές επιπτώσεις στα τελικά χαρακτηριστικά των Ολοκληρωμένων
Κυκλωμάτων, τόσο ως προς την Κατανάλωση Ισχύος, την Επίδοση αλλά και την Συνολική
Επιφάνεια. Η Χωροθέτηση, όντας ένα από τα αρχικά στάδια της ροής σχεδιασμού Ολοκλη-
ρωμένων Κυκλωμάτων, ενέχει πολλούς βαθμούς ελευθερίας, από το σχήμα του τελικού κυ-
κλώματος και των υπομονάδων του έως την τοποθεσία των ακροδεκτών Εισόδου-Εξόδου και
άλλα. Όμως, μια τέτοια ελευθερία έχει ιδιαίτερο τίμημα. Λανθασμένες σχεδιαστικές αποφά-
σεις σε αυτό το πρώιμο στάδιο, μπορούν να έχουν σοβαρές συνέπειες στα μετέπειτα βήματα
της ροής, γεγονός που μπορεί να επιφέρει κοστοβόρους σχεδιαστικούς κύκλους. Σε αυτή
την εργασία θα εξετάσουμε τη Xωροθέτηση από την σκοπιά της ελαχιστοποίησης επιφά-
νειας και ειδικότερα από αυτή του πακεταρίσματος. Συγκεκριμένα θα επικεντρωθούμε σε
έναν αλγόριθμο πακεταρίσματος, το λεγόμενο Sequence Pair. Το Sequence Pair είναι μία
μεθοδολογία πακεταρίσματος, που βασίζεται σε μία μικρή ομάδα κινήσεων, και απσκοπεί
στην ελαχιστοποίηση του νεκρού χώρου μέσω μιας επαναληπτικής διαδικασίας. Θα αναλύ-
σουμε σε βάθος τις ιδιαιτερότητες του αλγορίθμου και θα παρέχουμε ενόραση στο πως αυτός
λειτουργεί εσωτερικά. Παρατηρώντας τη συμπεριφορά του, θα εισάγουμε νέες κινήσεις και
καινοτόμες αρχικές λύσεις στο ρεπερτόριο του αλγορίθμου, οι οποίες βελτιώνουν σημαντικά
την ποιότητα των αποτελεσμάτων του. Η βιβλιογραφία έχει εκθειάσει την αποτελεσματικότα
του Simulated Annealing ως μεθόδου βελτιστοποίησης για προβλήματα όπως το Sequence
Pair, αλλά παραμένει κρυπτική ως προς τις ακριβείς παραμέτρους του. Καθώς το SA είναι
μία ιδιαίτερα αριθμιτικά ευαίσθητη μεθοδολογία, αναπτύξαμε ένα μαθηματικό μοντέλο για
το SA και μέσω εκτενών πειραμάτων, εντοπίσαμε ομάδες παραμέτρων για διάφορες χρή-
σεις. Η αποκτηθείσα γνώση πάνω στο SA, σε συνδυασμό με τις καινοτομές νέες κινήσεις
και αρχικες λύσεις συνδυάστηκαν σε έναν ευέλικτο επαναληπτικό βρόχο βελτιστοποίησης,
ο οποιός χρησιμοποιεί ένα σύστημα δυναμικής ρύθμισης πιθανότητας για την επιλογή κι-
νήσεων, επιφέροντας εξαιρετικά αποτελέσματα. Θα συγκρίνουμε όλες τις νέες βελτιστοποι-
ήσεις με αθροιστικό τρόπο για να αξιολογήσουμε την αποτελεσματικότητά τους. Τέλος, θα
αναλύσουμε τη βιβλιογραφία ως προς το αντίστροφο πρόβλημα, δηλαδή δεδομένης μίας Χω-
ροθέτησης, πώς μπορούμε να εξάγουμε την αναπαράστασή της κατά Sequence Pair.

Λέξεις-κλειδιά:
Χωροθέτηση, Sequence Pair, Simulated Annealing, Ολοκληρωμένα Κυκλώματα
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Chapter 1

Introduction

The journey of modern electronics is truly fascinating. From the invention of the vacuum
tube and later that of the transistor and the Integrated Circuit (IC), the leap humanity has made
in just over a century is extraordinary. Such is the sheer scale of modern ICs that the only
way to design and optimize them is to partition them into smaller sub-chips. Thus, the need
for fast end efficient floorplanning schemes is paramount, as it effects multiple parameters
of the final product from its total area, to its power consumption and performance.

1.1 Aims of this work

In this work, we will explore the research field IC floorplanning. More specifically we
will focus on a famous floorplanning algorithm called Sequence Pair and we will expand its
core operations by with new moves. Furthermore, we will showcase how the Sequence Pair
relations between the floorplanning blocks can be manipulated to create both better starting
positions, new optimisation moves as well as solve problems with blocks that may end up
out of core.

To test the quality of results from the Sequence Pair algorithm, as well as the proposed
new moves, we devised a novel, multi-phase optimisation loop. Our proposed optimisation
loop is completely modular, meaning it can be tuned and even expanded in the future.

The optimisation loop utilises a technique well known in the literature called SA. How-
ever, SA is amulti-parameter technique that is very number-sensitive, and even small changes
in the input variables can have a large impact in the final solution. In addition to the optimisa-
tion loop, we will introduce a detailed analysis of how different SA configurations affect the
loop from a mathematical standpoint and present a number of different viable configurations
and where they are most useful.

Finally, a lot of effort was put in re-creating an algorithm that, given a floorplan without
its Sequence Pair representation, would reproduce that representation. Such a process was
described even in the earliest Sequence Pair paper [10]. But as we will show, that and other

1



2 Chapter 1. Introduction

approaches described in [8], [11], and [9], through a series of simple practical examples have
been deemed ineffective.

1.2 Thesis’ Structure

Our work will be divided into 4 parts. In chapter 2, we will present a brief history of chip
design and Electronic Design Automation (EDA) along with how floorplanning fits into the
ecosystem of modern chip design.

We will exhibit a brief taxonomy of floorplanning algorithms with their main advantages
and disadvantages. After that in chapter 3, we will introduce the Sequence Pair algorithm
and take a deep dive into the advances the research literature has offered over the years not
only in algorithmic improvements but also in novel areas. Then in chapter 4, we will provide
greater detail into our research contribution in the floorplanning areas of:

• New initial Sequence Pair solutions,

• Novel Sequence Pair moves (pure Sequence Pair moves and intermediate optimisation
strategies),

• Simulated Annealing optimisation and ,

• Placement to Sequence Pair strategies.

Finally in chapter 5, wewill discuss howwe evaluated all our newly implementedmethod-
ologies and optimisation techniques.



Chapter 2

Theoretical Background

In 1965, Gordon Moore announced his prediction about the scaling of the integrated cir-
cuits. Three years later he will be one of the three founders of Intel, one of the biggest high-
tech companies. His predicion still stands to this day.

Figure 2.1: Moore’s Law until today. [1]

3



4 Chapter 2. Theoretical Background

2.1 Chip Design and EDA History

The history of chip design is a captivating journey through technological evolution. It
all began in the mid-20th century when the earliest integrated circuits paved the way for
groundbreaking innovations. In 1958, Jack Kilby at Texas Instruments and Robert Noyce
at Fairchild Semiconductor independently invented the first integrated circuits, marking the
birth of chip design. These early chips contained a modest number of transistors, but their
significance was monumental. As time progressed, chip designers relentlessly pushed the
boundaries of miniaturization, packing more and more transistors onto silicon wafers. This
relentless pursuit led to the birth of microprocessors in the early 1970s, igniting the personal
computer revolution. The 21st century brought forth the era of system-on-chip (SoC) designs,
where entire systems were integrated onto a single chip, powering the modern era of smart-
phones, IoT devices, and more. Chip design history is a testament to human ingenuity and
the relentless quest for smaller, faster, and more powerful electronic devices.

2.2 EDA Flow

The EDA flow is the backbone of modern chip design, orchestrating a complex sym-
phony of processes that transform abstract concepts into physical silicon reality. It begins
with high-level design and functional specification, where designers articulate the intended
behavior and functionality of a chip. As the flow progresses, logic synthesis translates this
high-level description into a netlist of gates and interconnections. The next stage, placement
and routing, determines where each gate will physically reside on the chip and how they will
be interconnected. This is followed by physical verification to ensure that the design adheres
to manufacturing rules and standards. The process is further refined through simulations, ver-
ifying the chip’s performance, functionality, and power consumption. Once all aspects are
finely tuned and validated, the final design is sent to fabrication. The EDA flow is a metic-
ulously orchestrated sequence of steps, ensuring that chip designs meet the ever-increasing
demands of performance, power efficiency, and miniaturization in today’s technology-driven
world.

The EDA flow has evolved massively over the years as it can be seen in Figure 2.2.
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Figure 2.2: Timeline of EDA progress with respect to circuit and physical design [2].
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The major steps of the EDA flow are presented through Figure 2.3.

Figure 2.3: Major steps in VLSI circuit Design [2].
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We will focus on the physical design flow as it can be seen in Figure 2.4. Here we can see
the the different types of constraints that typical floorplanning algorithms usually deal with.

Figure 2.4: Physical Design Flow [3].
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2.3 Floorplanning Background

Floorplanning stands as a crucial stage within the VLSI design process, holding a critical
responsibility in shaping the physical arrangement of intricate integrated circuits.

Floorplanning plays a pivotal role in defining the layout’s structure, specifically the po-
sitions of modules within the chip. It relies on the circuit’s interconnection needs and area
estimations to create this topology. A floorplan serves as a valuable reference during the de-
tailed design of functional modules or blocks, especially when certain modules on the chip
have undefined aspect ratios and pin positions [12].

To execute this phase efficiently, a multitude of input factors come into play. At the fore-
front is the design netlist, functioning as the circuit’s architectural blueprint, detailing the
logical links between its elements. Furthermore, it is imperative to thoroughly assess factors
such as space demands, power prerequisites, and timing limitations. This meticulous evalu-
ation ensures that the ultimate floorplan aligns seamlessly with the desired performance and
power efficiency objectives [13].

Floorplanning is incredibly complex as can be seen in Figure 2.5. Different algorithms
have vastly different numbers of possible combinations, albeit this does not disallow possible
duplicate solutions.

For our purposes, we can categorize floorplans into 2 main types: slicing floorplans and
non-slicing floorplans. Slicing floorplans are generated by making repetitive horizontal or
vertical cuts, while non-slicing floorplans are not amenable to such cuts and can even be
separated into even smaller sub-categories like mosaic floorplans, which we will not anal-
yse firther. It’s essential to maintain the specified dimensions of each hard module, and no
module is allowed to be rotated. If a module is rotated, its width and height must be swapped
accordingly.

However, such a description, is far to narrow and is not able to fit all necessary needs
of modern design. For that reason a lot of more general floorplanning algorithms have been
developed over the years. Some of their traits as well as their complexities and representations
can be seen in Figure 2.7, Figure 2.8, and Figure 2.9.
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Figure 2.5: Exact Number of combinations of different floorplan representations.
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Figure 2.6: Different floorplan categories [4].

Figure 2.7: General floorplan representations [4].
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Figure 2.8: Mosaic floorplan representations [4].
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Figure 2.9: Slicing floorplan representations [4].
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Sequence Pair Literature

In this chapter, we will present the Sequence Pair floorplanning algorithm, from its in-
ception in 1995 to novel ideas that have, over the years, improved both its efficiency and
expanded its applications.

3.1 Original Work

The Sequence Pair algorithm was first introduced by Murata et al. [14] and what it aimed
to achieve at the time, was to solve the rectangle packing problem for the rectangular blocks
of an IC. An important aspect of Sequence Pair, is the fact that the resulting packing is legal,
in the sense that the floorplan blocks do not overlap with one another. To do that, the authors
formulated, by using an identifier (e.g module name) for each floorplan block, two sequences
of these identifiers, named the Positive and the Negative sequence respectively 1. The core
idea of the algorithm is, that for 2 blocks A and B the relative position of their identifier

1In Sequence Pair literature it is common notation that the first sequence is the Positive one. We will be
using that notation and assuming that the first presented sequence is the Positive Sequence and the second is
the Negative Sequence.

Table 3.1: Floorplan Representations, Computational Complexity, Search Space, and Flexi-
bility [7].

Representation Computational Complexity Search Space Flexibility
Polish Expression O(n) O(n!23n/n1.5) Slicing
Corner Block List O(n) O(n!23n) Mosaic

Twin Binary Sequence O(n) O(n!23n/n1.5) Mosaic
O-tree O(n) O(n!22n/n1.5) Compacted
B*-tree O(n) O(n!22n/n1.5) Compacted
BSG O(n2) O(n!C(n2, n)) General

Transitive Closure Graph O(n2) O(n!)2 General
Corner Sequence O(n) O(n!)2 General

TCG-S O(n log n) O(n!)2 General

13
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determined their relative positions in the final placement. Let us imagine a floorplan of these 2
blocks. Their relative positions depend on the blocks names (A and B), based on the following
convention:

1. If A is after B in both sequences, (Sequence Pair is (BA, BA))⇒ A is Right-of B.

2. If A is before B in both sequences, (Sequence Pair is (AB, AB))⇒ A is Left-of B.

3. If A is after B in the Positive Sequence and A is before B in the Negative Sequence,
(Sequence Pair is (BA, AB))⇒ A is Below-of B.

4. If A is before B in the Positive Sequence and A is after B in the Negative Sequence,
(Sequence Pair is (AB, BA))⇒ A is Above-of B.

As is apparent from the above, this covers all possible combinations.
One of the biggest advantages that the Sequence Pair representation possesses against

other floorplanning algorithms is its inherent flexibility. This is due to the fact that, through
a small set of permutations it can handle a much larger number and a greater variety of floor-
plans. Hence, the main problem that Sequence Pair optimisation entails is to find and evalu-
ate, as fast as possible, the best set of permutations, in order to obtain a floorplan as close to
optimal.

This flexibility is an incredible characteristic, albeit it comes with a few side effects. A
feature of Sequence Pair described in the original paper, is the fact that multiple Sequence Pair
can produce identical floorplans. Such Sequence Pairs, when evaluated, will indeed produce
identical floorplans, but the underlying HCG and VCG will be different.

This means that, when 2 Sequence Pairs that produce identical floorplans are subjected
to a series of permutations, with the goal of optimising some cost function, as we will see
in section 4.5, the final floorplan will most likely vary significantly. Another artifact of the
Sequence Pair representation, is that the opposite not true. This means that given a Sequence
Pair, evaluating it to a floorplan, as described in subsection 3.1.1, will only ever yield one
result. This is logical due to the usage of the Longest Path algorithm which always produces
the same result, during the Sequence Pair evaluation.

3.1.1 Main Evaluation Algorithm

As mentioned above the evaluation is one of the most important steps in Sequence Pair
floorplanning. This is because in order to judge how good a permutation is, we always have
to evaluate the new Sequence Pair it produces. And in a optimisation loop, where we are
expected to tried hundreds of thousands of permutations, evaluation presents an incredible
bottleneck.

If we expand the above example to a floorplan with multiple blocks we can see a grid of
relations arising. For example, in [5], we can see how a Relation Table can be forged, given a
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Figure 3.1: Both (ABCDFE, FADEBC) and (ABCDFE, FADBEC) produce the same floor-
plan.

Sequence Pair. The Relation Table denotes which relation the block has with the other blocks.
In the following example, blocks {2, 3, 4, 5, 6, 7, 8} are Below-Of block 1.

However, up to this point we have only spoken of how the relations are formed and not
about how, given a Sequence Pair, we can evaluate it and extract information about the pack-
ing it represents. Utilising the information in the Relation Table above, the authors construct
2 directed and weighted constraint graphs called HCG and VCG, respectively. These graphs
are constructed in the following manner:

1. V: source s, sink t, and vertices labeled with the floorplan block names.

2. E: (s, x) and (x, t) for each module x, and if (x, x’) and only if block x is Left-Of block
x’.
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Table 3.2: Relation Table for the Sequence Pair (17452638, 84725361) [5].

Block Right-Of Left-Of Above-Of Below-Of
1 ∅ ∅ ∅ {2, 3, 4, 5, 6, 7, 8}
2 {3, 6} {4, 7} {1, 5} {8}
3 ∅ {2, 4, 5, 7} {1, 6} {8}
4 {2, 3, 5, 6} ∅ {1, 7} {8}
5 {3, 6} {4, 7} {1} {2, 8}
6 ∅ {2, 4, 5, 7} {1} {3, 8}
7 {2, 3, 5, 6} ∅ {1} {4, 8}
8 ∅ ∅ {1, 2, 3, 4, 5, 6, 7} ∅

3. Vertex-weight: zero for s and t, width of floorplan block for the other vertices.

Similarly, the vertical-constraint graph is constructed using Below-Of constraint and the
height of each floorplan block. 2 After the 2 graphs have been constructed, to extract the coor-
dinates of each block in the resulting packing, what we have to do is perform a Longest Path
algorithm, with the X and Y coordinate originating from the HCG and the VCG, respectively.
This has a complexity of O(V + E), since the graphs are directed.

The usage of the Longest Path algorithm is a necessary one. Since we are using the
width/height of each block as weights in the 2 graphs, the Longest Path algorithm ensures
that there are no overlaps between the floorplan blocks.

Figure 3.2: (a) HCG with longest s-t path length 11, (b) VCG with longest s-t path length 15.
The numbers next to each node denotes its width (in HCG) or height (in VCG) [5].

2The dimensions (width, height) of the blocks 1 to 8 are {(2,4), (1,3), (3,3), (3,5), (3,2), (5,3), (1,2), (2,4)}.
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3.1.2 Original Sequence Pair Moves

Now that we can evaluate any given Sequence Pair, we can begin to optimize a given
packing by performing permutations in its Sequence Pair. In the original work by Murata et
al. the following moves were defined:

1. Rotate a block by 90 degrees.

2. Swap a pair of blocks in both sequences.

3. Swap a pair of blocks in one sequence.

While the moves seem simple enough at first sight, their actual effect on the resulting
floorplan, has, to our knowledge, never been explored in the literature. This will be explored
in finer detail in subsection 4.1.1.

3.1.3 Original Placement to Sequence Pair

Furthermore, the original paper [14] and educational works that reference it such as [12],
further provide a way to, given a placement, extract its corresponding Sequence Pair, via a
process called Gridding, described below. For each block (denoted as ”x”), we use a dot, to
draw lines. We place the dot initially at the upper-right corner of block x and make it move
upwards. The dot’s movement alternates between right and up until it reaches the upper-right
corner of the block. While moving, the dot should not cross the following boundaries:

1. Boundaries of other blocks.

2. Lines that have been drawn previously.

3. The boundary of the entire chip.

Figure 3.3: Example of Positive and Negative Loci created through the Gridding process [5].
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The line that is created by this process is known as the ”up-right step-line” of block x.
Similarly, we also draw a ”down-left step-line.” When we combine these two step-lines with
the connecting diagonal line of block x, we get what is called the ”positive step-line” of block
x. It’s worth noting that it’s always possible to create such a positive step-line for any given
block, and they are commonly referenced by the names of the respective blocks.

The authors provide neither further intuition into this process nor any indication to what
the process’ complexity looks like. This allegedly is enough to create a Sequence Pair that
represents the given placement, a claim that we will examine in section 4.6.

3.2 Upgrades to the original approach

In this section, we will tackle how the research community has innovated on the original
Sequence Pair algorithm over the years, both in an algorithmic manner, to improve its overall
complexity but also in finding new applications. We will see how different constraints have
been imposed to the algorithm, so that it can handle more realistic problems, a few exotic
applications of the algorithm and how the literature proposals on how to solve the Placement
to Sequence Pair problem.

3.2.1 Execution time upgrades

As described in subsection 3.1.1 evaluation is the biggest bottleneck of Sequence Pair
optimization and the literature discovered that early. In 2000 Tang et al. [15], developed an
evaluation algorithm that converts the evaluation problem from a graph-theoretical one, to
that of Longest Common Subsequence (LCS). This reduces overall evaluation complexity,
from O(V + E) to O(n log n). However they did not stop there, and in a subsequent work
[16], they further improved the LCS methodology by using a very efficient Priority Queue
developed by D. B. Johnson [17]. The efficient priority queue reduced the total evaluation
complexity toO(n log log n). It is a modified version of this algorithm, that we implemented
for the purposes of this work. This version will be further analyzed in subsection 4.1.2.

However impressivewas thework by Tang et al., the best overall complexitywas achieved
more recently. In 2013, Andrzej Kozik in [18], utilising dynamic programming, developed
an algorithm transformed the LCS problem and used an improved data structure, such that,
although still has a worst case complexity of O(n2), exhibits linear time behaviour in the
average case, which significantly reduces the evaluation time.

3.2.2 Novel Sequence Pair expansion ideas

The literature was fast, to also improve on the capabilities of the original methodology.
So far, we only discussed about how Sequence Pair can manipulate blocks of predefined
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dimensions, hard-blocks as they are called by the scientific literature. Be that as it may, as
discussed earlier, floorplanning, being one of the first steps in the VLSI design process, offers
a lot of freedom for architectural exploration to engineers. More often than not, at this design
stage floorplan blocks will have defined their final area and not their exact dimensions. Some
may have one dimension defined. Such blocks are called soft-blocks. Other blocks may be
required to have a specified location from the outset and even a lot more further parameters
defined and thus, the literature adapted.

Further constraints considerations

Murata et al. [19] expanded the Sequence Pair representation to also include soft and
pre-placed placed blocks by utilising Vaidya’s algorithm.

As the performance of the design is not only dependent on area and wire length, timing-
driven approaches for Sequence Pair soon followed. In 1999, Huang et al. [20] first introduced
a timing-driven approach. In their work the authors used a multi-parameter cost function that
incorporated total area, wire length as well as timing slack. Since the the numerical values
of this metrics vary significantly, the authors used different weights for each one. For the
timing slack in particular, they created weights for the designs’ nets based on the timing
slack. Considering that, the significance they attributed to each parameter is not transparent,
because only some of their weight choices are mentioned. Nonetheless, their work showed
significant timing improvements for the tested designs (∼33.6%) with only a small increase
in dead space (∼5.3%). What must be mentioned, is that there was a non-negligible increase
in execution time, due to the fact that timing operations are computationally expensive. Their
execution time penalty came as high as 87.3%, compared to the non timing-driven approach.

Another important aspect of designing a chip are its thermal properties. This is explored
further by Okada et al. [21], in a work solely based around Sequence Pair. Their approach
to the problem is focused around the principle that the most energy dense blocks should be
spaced apart. This is done by applying coefficients (”heat quantities”) to constrain the block
positions of a Sequence Pair placement based on its bottom-left and the top-right placements
and averaging them to produce the final result. Another interesting work by Cong et al. [22],
that although not strictly uses the Sequence Pair representation, but the TCG floorplanning
scheme [23], that is very similar in concept and optimisation move repertoire. In this work,
the authors formulate their solution around a new set of problems. The thermal problems that
arise through heat flow in chips that have multiple layers.

Sequence Pair for 3D ICs

As mentioned section 3.2.2, Sequence Pair related research work has already been ex-
tended to the more exotic 3-dimensional space by [22]. In an incredible leap, even earlier
than Cong et al., Yamazaki et al. [6] showcased a methodology to obtain a minimum volume
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block packing (blocks with width, height and depth properties) by expanding Sequence Pair.
What is incredible from this work is that creating a Sequence Triplet was not sufficient to
encode such packings, because it resulted in non feasible solutions. Hence they devised, the
so called Sequence Quintuple to help encapsulate all relations.

Figure 3.4: A packing of 100 3D blocks under Sequence Quintuple [6].

Since 3-dimensional and 2.5-dimensional design is gaining tractionmore recent Sequence
Pair work has taken place recently aiming to solve some of the latest problems. Such chips
require unique silicon constructions to communicated between different tiers, the most com-
mon of which is the Through Silicon Via (TSV). TSVs although necessary, are incredibly
expensive in terms of area. In one such work 2022 Prakash et al.[24], presented a methodol-
ogy that after partitioning the design into tiers utilises a Particle Swarm Optimisation (PSO)
algorithm to minimise the number of TSVs along with the total wire length.

Exotic Sequence Pair Applications

Now we will present some of the works in the latest Sequence Pair literature. In one of
the most impressive works on the matter, by Kahng et al. [2] integrate a their Macro Placer
which internally uses the Sequence Pair representation. This macro placer is integrated to the
OpenROAD project [25]. What is innovative about their work is the fact that they attempt,
to mimic human placement behaviour by extracting information from the RTL of the given
designs, with incredible results even against modern commercial EDA placement tools.

In [26], Sengupta et al. address another modern problem, that of excessive power con-
sumption. This work focuses the Voltage Island design technique. This method involves uti-
lizing multiple supply voltages on the same chip, with different blocks assigned to specific
supply voltages. Due to implementation constraints, blocks with similar supply voltages need
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to be placed adjacent to each other, creating what are known as ”islands.” Traditional floor-
planning tools assume a single supply voltage for the entire System on Chip (SoC), requiring
additional design steps to incorporate voltage islands. They introduce a novel floorplanning
algorithm based on the Sequence Pair representation, which allows us to efficiently organize
blocks as islands. Their approach considers the potential supply voltage choices for each
block and simultaneously optimizes for both power and chip area. Their floorplanner stream-
lines the tasks of assigning blocks to different supply voltages and placing them within the
chip.

In perhaps its most bizarre application yet, [27] use the Sequence Pair representation
the layout design for Robotic Cellular systems. Via the Sequence Pair they determine the
positions of components, a robot and a table on which components to be placed.

3.2.3 Expanding Placement to Sequence Pair

The Placement to Sequence Pair problem, did not remain stagnant either over the years.
A number of works [8], [11], and [9], the first 2 by Huo et al. and the last by Egeblad were
published. However, each of these methods contains massive flaws that will be examined in
section 4.6.



Chapter 4

Our Contribution

In this chapter we will discuss our contribution to the Sequence Pair field.We will explain
what Sequence Pair evaluation methods we implemented, as well as give insight into how
the original moves operate behind the scenes. Moreover, we will present the innovative opti-
misation moves we introduced and showcase the effects that different starting positions have
in the optimisation process. Then, we will have a slight detour to understand how SA works
and introduce our novel optimisation loop. Lastly, we will investigate the field of Placement
to Sequence Pair. All of the work described in this chapter was integrated in CASLab’s [28]
EDA tool, called ASP, as part of its floorplanning capabilities, and was entirely developed in
C.

4.1 Sequence Pair Methodology

4.1.1 Description of main moves

As previously stated Sequence Pair is very minimalistic in its move-set. The original
paper only describes what the moves are and not what they actually do. Here we will analyse
the following 3 moves and their effects in depth.

1. Rotate a block by 90 degrees.

2. Swap a pair of blocks in both sequences.

3. Swap a pair of blocks in one sequence.

22
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Figure 4.1: Rotating block b.

Figure 4.2: Swap blocks b and d in both sequences.

Rotating is the simplest of the moves and is equivalent to swapping the blocks width and
height. Swapping a block pair in both sequences is equivalent to swapping their positions in
the final packing. However, swapping a pair of blocks in one sequence only is a more peculiar
permutation. This is due to the fact that performing such a swap can affect an arbitrary amount
of blocks depending on:

Table 4.1: Relation Table for the Sequence Pair (ecadfb, dfbace).

Block Right-Of Left-Of Above-Of Below-Of
a ∅ ∅ {c, e} {b, d, f}
b ∅ {d, f} {a, c, e} ∅
c ∅ ∅ {e} {a, b, d, f}
d {b, f} ∅ {a, c, e} ∅
e ∅ ∅ ∅ {a, b, c, d, f}
f {b} {d} {a, c, e} ∅
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Table 4.2: Relation Table for the Sequence Pair (efadcb, dfbace). Swapped blocks c & f in
the Positive Sequence.

Block Right-Of Left-Of Above-Of Below-Of
a {c} {f} {e} {b, d}
b ∅ {d, f} {a, c, e} ∅
c ∅ {a, d, f} {e} {b}
d {b, c} ∅ {a, e, f} ∅
e ∅ ∅ ∅ {a, b, c, d, f}
f {a, b, c} ∅ {e} {d}

1. The sequence in which the swap takes place (Here is the Positive Sequence),

2. Which blocks participate in the swap (Rows c and f in the example’s Relation Table),

3. Which blocks lie between the 2 swappees in both sequences (if any) (Row a in the
example’s Relation Table) and,

4. Which blocks lie between the 2 swappees in the sequence in which the swap takes
place (if any) (Row d in the example’s Relation Table).

These factsmake the swap in one sequencemove an unpredictable one, since it can swiftly
affect a lot of blocks, making the move seem almost nonsensical with a naked eye. On the
other hand, this is a blessing in disguise. When the initial floorplan is random and the solution
is in a state of high entropy, affecting a lot of blocks simultaneously can drastically alter and
improve the solution as we will discuss further down the road.

4.1.2 Main Algorithm

For the purposes of this work we initially tested the original Longest path based evalu-
ation proposed by Murata et al. [14]. As described in subsection 3.1.1 and subsection 3.2.1
Sequence Pair evaluation is the main bottleneck of the entire methodology. As we can also
see, things get even worse when we take into consideration, that we have to maintain the
Relation Table in order to have fast evaluation, which as seen in Table 4.2 can be incredi-
bly tedious. This grows prohibitively expensive, because as is apparent the table is of size
O(n2). For this reason we also implemented a slight variation of the evaluation methodol-
ogy proposed by Tang et al. [16]. In our modified Tang algorithm we simply disregard the
complicated binary search algorithm, in order to simplify the proposed data structure even
further and all parent searching is performed by traversing the tree bringing the overall com-
plexity to O(n log n). The modified Tang approach showed an immediate 10x improvement
in execution which was due to a multitude of factors. Firstly, the method by Tang is based in
LCS and not in the Longest Path algorithm, and thus eliminates the need to construct both
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the Relation Table and the HCG and VCG, immediately gaining execution time and mem-
ory. Secondly, its algorithmic complexity is lowerO(n log n) than the Longest Path approach
and its simplified structure contributes to better memory access patterns, which in combina-
tion with low-level optimisations, such as representing binary trees as arrays, and only using
characters, also drastically improves performance.

4.1.3 Description of novel moves

To our knowledge, all Sequence Pair works in the literature to this day use the same set of 3
moves described in subsection 4.1.1. Up to this point some small experiments were performed
in order to better understand how Sequence Pair behaves under a simple optimisation loop.
These early tests were performed under the following assumptions:

• All moves are equiprobable,

• The starting solution is a randomly generated Sequence Pair and

• We only accept improving moves.

A big issue that initial tests showed was the weakness of the optimiser to fit all blocks in-
side of the designated core, since it is agnostic of the core dimensions. One other observation
was that, as stated in subsection 4.1.1, swap in one sequence move had great effects in the
floorplan, especially in random floorplans. Armed with that knowledge, we devised a small
and naive optimisation plan.
Algorithm 1: Naive Out of Core optimisation
Data: A floorplan, a list of the floorplan blocks, maxiterations
Result: A floorplan with improved white space

1: Find all out of core blocks and create a list called L
2: foreach outofcoreblockb ∈ L do
3: for iinmaxiterations do
4: Choose a random block inside the core
5: Choose a random sequence
6: Perform a swap in one sequence
7: if whitespace NOT improved then
8: Revert the move;

This methodology massively boosted the success rate of optimisation moves and im-
proved the QoR. Later, we adapted algorithm 1 to also include the swap in both sequences
move which further increased the QoR. An artifact of this methodology however, was that,
it lead to the optimiser getting stuck to a local minimum, which is not ideal, which forced us
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to abandon this methodology. In this section, we briefly touched on the subject of move suc-
cess rate, a topic which seems and is very intriguing. For now though, we will conveniently
disregard it and we will come to examine it exhaustively in section 4.5.

Figure 4.3: Random starting floorplan after a set of rows from out of core blocks is created.

In our search for better optimisation techniques, we paid close attention to the basic ax-
ioms of Sequence Pair, as described in section 3.1. We realised that we can exploit the basic
block relations that determine the relative positions of blocks to create new optimisation
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moves. These moves have Engineering Change Order (ECO) characteristics, since they ef-
fectively put 2 blocks directly next to each other, according to the desired relative position
(Above/Below/Right/Left). These new 4 moves operate under the following simple steps:

• Select 2 blocks (target and swappee) and the desired relation to be enforced,

• Move the swappee directly next to the target in both sequences to create the desired
relation.

An interesting side-effect of these procedures is the fact that, since the 2 blocks that took
part in the move are now next to each other in both sequences of the pair, we can think of
them as a new hyper-block with a bounding box that of the worst i.e. largest dimensions
(width/height) of the 2.

Figure 4.4: Initial floorplan for the description of Put Moves below.
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Figure 4.5: Put Right of. Figure 4.6: Put Left of.

Figure 4.7: Put Above of. Figure 4.8: Put Below of.

Figure 4.9: Put move examples, where (16,0) is the target and (0,0) is the swappee.

This property can be further exploited. By creating hyper-blocks of arbitrary member
number in this manner, we have essentially created a methodology that can create rows and
or columns inside the Sequence Pair representation. This is an incredibly potent move, espe-
cially when our blocks have similar or identical dimensions, because this creates a floorplan
with near zero or even zero white space when the blocks have one identical dimension (e.g
standard cells). As we can see, this kind of move can serve as a superior alternative to the
Naive Out of Core optimisation described earlier.We call this move Create Out of Core Rows.
We will also discuss this in section 4.2.

4.2 Initial Sequence Pair

In the original Sequence Pair work very little was done to address the impact and even
propose different starting solutions. In that work Murata et al. utilised a Sequence Pair, which
had the form (abcde, abcde). it can be easily seen that such a Sequence Pair is of very little
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interest because it simply arranges all blocks in a straight line, and presents a horrible starting
solution. In later works, it became common to use a randomized Sequence Pair for the initial
solution, but not further work was put in that aspect by the literature, since the random floor-
plan gave very promising results. Hence, the random starting solution remained unchallenged
as the best starting solution.

Be that as it may, we felt that there was a lot of untapped potential for optimisation in
this direction. If we combine what we learned in subsection 4.1.3 with the need for a better
starting solution, we can see a real candidate. Creating a starting Sequence Pair out of block
rows/columns is now extremely easy. If we are clever about how we create these, we can
even tackle 2 birds with one stone, fixing both the out of core problem and provide a starting
floorplan with minimal whitespace. Both of these can be achieved in the following steps:

• Since we have total control over which blocks participate in each row, creating a row
that fits inside the core is as trivial as summing the widths of the blocks.

• By sorting the blocks based on height we can create as close to uniform height rows as
possible, thus minimizing whitespace.

In this manner, we can achieve a starting solution that can even be acceptable in a time
that is solely dependent on the complexity of the sorting algorithm used, a stunning accom-
plishment. Nonetheless, not everything is as bright as it may originally seem. How successful
this method is, highly depends on the dimensions of the blocks themselves. Having a lot of
variation in the block dimensions can cause big gaps of whitespace in the placement that can
be hard to overcome by the optimiser later on. Sometimes, it may even be impossible to cre-
ate a floorplan that exceeds the core dimensions in one direction. We can somewhat mitigate
such results by rotating some of the problematic blocks but this is a heuristic optimisation
that is neither foolproof nor provides any guarantees of optimality. If we are dealing with
soft-blocks, there is another degree of freedom that can allow us to further optimise, but this
creates other problems, mainly complexity ones, due to selecting the optimal aspect ratio for
a block, being a problem with exponential complexity. For the purposes of this work, we
determined that this solution will suffice for the moment. We will come back to the initial
solution problem later in section 4.5.
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Figure 4.10: Single column Sequence
Pair. Figure 4.11: Random Sequence Pair.

Figure 4.12: Similar height rows Sequence
Pair.

Figure 4.13: Different starting Sequence Pair solutions.
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4.3 Simulated Annealing Experimentation/Exploration for
Sequence Pair application

SA is an optimisation technique first introduced by Kirkpatrick et al. [29] originally used
to help speed up the traveling salesman problem. We must mention here that Lester Ingber
has provided through his work incredible insight and expansions to SA. His work in [30], [31]
and [32] has been detrimental to the point that, MATLAB uses his open source work. Over
the years, the literature warmly embraced it as versatile tool, especially when it came to the
optimisation of convex problems with multiple local minima. Much like other optimisation
algorithms, it aims, through hill climbing, to ascend past locally optimal solutions to as close
to a globally optimal one.

The origin of the technique is particularly interesting. The SA methodology originates
from metallurgy, where metals are heated to a high temperature. At this state the materials
exhibit a remarkable degree of malleability, and are very accepting to changes. As the tem-
perature gradually drops, and the material becomes more rigid it no longer easily accepts
changes. The SA methodology, for our purposes, attempts to emulate such behaviour, in or-
der to shape the initial malleable solution of an initial floorplan to a compact block packing
with minimal whitespace. To accomplish that, it uses temperature as a critical variable.

4.3.1 Understanding the complexity of Simulated Annealing

The SA process can be deconstructed into two fundamental components.

1. The way in which the temperature is gradually reduced.

2. How, based on the temperature value, we determine which moves should be accepted.

Although this might sound easy at first, it couldn’t be further from the truth. As it turns
out, SA is an extraordinarily number-sensitive method and the results we obtain from an
optimisation loop depend on a multitude of factors ranging from:

• The initial temperature,

• The rate at which the temperature is decreased,

• The size of the design, with larger designs producing significantly larger metrics,

• The arithmetic magnitude of the cost function value. This is of immense importance,
since different metrics used to measure the viability of a floorplan have considerable
arithmetic deviation. For example, as a cost function we can use either the whitespace
or the wire length of the floorplan or even its timing slack. Since these are completely
different metrics their scale is also completely different. This becomes even worse, if
we factor in the unit we use for each one.
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4.3.2 Systematic Exploration

All these factors create a very chaotic environment. And this is something the literature
has not poured a lot of light upon. We only found mentions of the parameters used in [20]
and [33], but as we mentioned, these values tend to be way off the intended ones due to the
sheer variability of the problem.

As has become apparent, there are a lot of problems and we have not yet talked about
how the move acceptance probability is calculated, which is a testament to how complex
this turned out to be. To tackle the problem, we developed in Python and in Desmos [34] a
systematic a prototype to observe the properties of all these variables and determine the best
possible approach for our purposes. To ensure that our work provides as general a solution as
possible, and cover all possible use cases, we developed the prototype as a pure mathematical
model. This will allow us to methodically study the effects all parameters have in the final
result.

As proposed by Kirkpatrick et al., the heart of our model is based around the Metropolis
Criterion as described in [35]. We have slightly modified the Metropolis Criterion to gener-
alise it by adding a few scaling factors we will describe below, in order to combat problems
due to the differences in numerical magnitude. The Metropolis Criterion is used to calculate
the acceptance probability of a move and is presented in Figure 4.14.

P (x, U) = e−
c·∆E

b·T (x,U) (4.1)

Figure 4.14: The Acceptance Probability Equation.

We will now explain the parameters of the equation in Figure 4.14.

• The inputs to the equation, x and U, refer to the current iteration of the optimisation
loop and the current temperature value respectively.

• ∆E is the cost difference between the current and previous state (referred as the Energy
Difference).

• T (x, U) is a function that manipulates the temperature based on the current iteration,
which we will discuss in detail later on.

• b and c are simple scaling factors used to handle the numerical magnitude differences.

What is integral to the understanding of how this equation behaves, is the fact that if the
move is improving our cost the Energy Difference is numerically negative. Such moves are
always accepted by the optimiser and thus the probability does not need to be calculated.
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What is implied is, that since all other values of the Energy Difference are zero or positive.
Combining that with the fact that the temperature and scaling factors are all positive numbers,
the result of the equation is bounded to values between 0 and 1. Hence, this is a way to
calculate the acceptance probability.

We will demonstrate a simplified example to showcase how acceptance probability can
vary over a range of values in Table 4.3

P(10000) = 0.99004 P(9000) = 0.98895 P(8000) = 0.98757
P(7000) = 0.98581 P(6000) = 0.98347 P(5000) = 0.98019
P(4000) = 0.97530 P(3000) = 0.96721 P(2000) = 0.95122
P(1000) = 0.90483 P(100) = 0.36787 P(10) = 0.00004

Table 4.3: Acceptance Probability Values for ∆E = 100, b = 1, c = 1 and varying the
denominator of the fraction from Figure 4.14.

As we can see in the naive and artificial example of Table 4.3 the acceptance probability
presents a very steep decline and accepts almost all moves for the better part of each temper-
ature range.

We will now focus on temperature manipulation. We will manipulate the temperature
descent by introducing 2 terms:

1. The annealing frequency, meaning the iteration interval in which temperature is de-
creased and

2. The annealing methodology, referring to the mathematical function used to reduce the
function.

The temperature manipulation is described by Figure 4.15.

T (x, U) =

U, if x mod annealing_frequency ̸= 0,

U − w · f(x, U), where w is weight and f is the mathematical function, otherwise.
(4.2)

Figure 4.15: Temperature decrease function.

For the mathematical function we tested 3 difference approaches.

1. A linear based one, where we subtract the iteration number from the current tempera-
ture,

2. A square root based one, where the square root of the iteration number is subtracted
from the current temperature and,

3. An exponential based one, where the temperature is multiplied by a constant factor.



34 Chapter 4. Our Contribution

We combined all of the above with different weights and different annealing frequencies
and ended up with 12 methodologies each with a different sweet spot for optimal operation.
For each experiment, a different annealing weight, frequency and factor was used, in order to
produce viable results. For the most prevalent methodologies, a set of near-optimal parame-
ters found was kept as a default set for that methodology. We will discuss them further down.
The results of this series of experiments can be seen in Figure 4.16.

Figure 4.16: Different methodologies for decreasing annealing temperature. Legend shows
in which iteration temperature reached 0.

To further understand how SA functions we also developed in Desmos’ Graphing Cal-
culator [34] a version of this prototype that can, in real time, vary all parameters over the
desired ranges. This research is public [36]. Below we can see a frame of this analysis.
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Figure 4.17: Acceptance Probability visualization in real time in Desmos.

It is evident from Figure 4.16 and [36] that our work in annealing exploration is generic
enough that it can be used in a wide range of applications. However, we need to mention at
this point that preliminary tests showed that for designs up to 500 blocks presented an ideal
maximum iteration limit of around 400000 iterations. With that in mind, and aiming to reduce
noise in our results and limit the excessive testing, we tuned the scaling factors, annealing
frequencies and weights to produce distinct temperature curves around this range.

From the experiments in Figure 4.16 we determined that for our most suitable candidates
temperature drop methodologies to continue testing were the following 71:

• Step linear,

• Weighted step exponential,

• Weighted square root,

• Weighted step linear,

• Step square root,

• Square root and

• Weighted linear.

We will now showcase in the following figures, how the acceptance probability behaves
for difference over an array of Energy Differences, over the iterations across the various
methodologies.

1The term step refers to the annealing frequency being a number different than 1, i.e the temperature is only
updated every few iterations.Weighted refers to the presence of tuning weights for the temperature manipulation
function. When the term is not presence all weights are set to 1.



36 Chapter 4. Our Contribution

Figure 4.18: Acceptance probability with cost difference of 10.

Figure 4.19: Acceptance probability with cost difference of 50.
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Figure 4.20: Acceptance probability with cost difference of 100.

Figure 4.21: Acceptance probability with cost difference of 300.
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Figure 4.22: Acceptance probability with cost difference of 1000.

Figure 4.23: Acceptance probability with cost difference of 5000.
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From the resulting graphs we can see that acceptance probability varies with different
rates, something we can exploit to address a plethora of cost functions and floorplans.

4.4 On the topic of move success rate

Until now we have only developed narrow minded solutions and optimisation moves for
general problems that will naturally arise during floorplan optimisation under the Sequence
Pair representation. We only once and very briefly mentioned the topic of success rate of our
optimisation techniques and this was not by accident. In all experiments up to this point, we
have used the simplified optimisation loop first introduced in subsection 4.1.3. Here we will
use a mixed SA-Greedy loop for the first time. At first glance the results from Figure 4.24
paint a very bleak picture.

In Figure 4.24, for a design with 165 blocks and for the specified parameters, we observe,
for all moves, a success rate (i.e improving the global cost) of around 0.1%, which is very
disheartening. It must be stated, however that this can be a little bit misleading due to the fact
that this is an SA run and the acceptance rate for SA moves fluctuates from 2% to just under
10%. Not all hope is lost though. The same experiment also shows some very welcoming
observations.

1. We achieve a sub 10% whitespace result in under 12 seconds.

2. This result is achieved through a very small number of total improving moves.

If we take a closer look at these results, things may not be that bleak after all, and even
rejoice. What these results make clear is that our decision making is extremely poor. Since
only a few moves were enough to achieve a result with sub 10% whitespace, choosing the
correct sequence of moves to perform can significantly impact our runtime.

For this reason we performed an analysis of our basic moves, in search of a better move
selection strategy.

Simulated Annealing Greedy
Average Energy Difference Average Energy Difference

6157.093 5204.21

Swap in One Sequence 35747 Swap in Both Sequences 44381
Swap in Both Sequences 87031 Swap in Both Sequences 108809

Rotate 54948 Rotate 69084
Total 177726 Total 222274

Table 4.4: Average Energy Difference and move distribution for a 400k iteration optimisation
loop of a 165 block floorplan.
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Figure 4.24: Example of typical move success rates in a simple annealing run.

What we realised from the collected data, aligns with the intuition we first presented
in subsection 4.1.1. This means that swapping blocks in one sequence, with its high unpre-
dictability, has the greatest effect early on in the process (high temperature) and falls of dra-
matically later on when more fine grained moves such as rotations and swapping blocks in
both sequences are more favourable.

These results lead us to once for all abandon the equiprobable move model, that as can
be seen in the tables we had already begin to abandon, in favour of a set of tweaked initial
probabilities for each move based on statistical history. It further prompted us to develop a
system that dynamically adjusts the probability of each move based on how each move per-
forms throughout the optimisation process. This means greatly rewarding global improving
moves, mildly rewarding annealing accepted moves and penalising worsening moves. This
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Annealing Improvements Greedy Improvements
Average Energy Difference Average Energy Difference

-325.007 -12.148

Swap in One Sequence 37 Swap in One Sequence 6
Swap in Both Sequences 230 Swap in Both Sequences 80
Rotate 183 Rotate 77
Total 450 Total 163

Swap in One Sequence Total
Improvement -36905.8 Swap in One Sequence Total

Improvement -56.661

Swap in Both Sequences To-
tal Improvement -90448 Swap in Both Sequences To-

tal Improvement -991.099

Rotate Total Improvement -18899.5 Rotate Total Improvement -932.419

Improvement Per Move Improvement Per Move
Swap in One Sequence -997.453 Swap in One Sequence -9.443
Swap in Both Sequences -393.252 Swap in Both Sequences -12.388
Rotate -103.276 Rotate -12.109
Average Gap Between Suc-
cessful Moves 395.4922 Average Gap Between Suc-

cessful Moves 1330.4876

Table 4.5: Average Improvement and Gap per successful move.

proved to be a grater challenge that predicted because tuning the probabilities over hundreds
of thousands of iterations can quickly degenerate the probability of each move. This lead to
further experimentation, to determine the exact rewards and penalty values, as well as the
introduction of minimum and maximum cap values for each move. We shall from now on
call this system Dynamic Probability Adjustment (DPA).

Although the performed optimisations lead to improvements we will later discuss, we
must also address a few problems that may warp our perception of the statistical results.

1. As the floorplan converges to a final solution more and more moves will be worsening
and thus, rejected. This is mentioned because, throwing more compute power at the
problem, in the form of extra iterations, can only produce noise in our statistics and
lead us astray.

2. The optimisation loop is inherently random. This may lead to extreme variation across
runs both due to different starting positions and different decision making along the
way. Thus, we need to be careful in how we extract our results, as we will see in chap-
ter 5.
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4.5 Novel Optimisation Loop

In this section we will provide details into, how we combined all methodologies and
innovations described above in a versatile and customizable optimization flow. The flow is
controlled by flags that can enable and disable all the features we have described so far,
providing full control of the process to the user. This however can be a double-edged sword,
since there is a plethora of parameters to control, and finding a set of optimal ones is really
challenging. For this reason, through extensive experimentation, as described in section 4.3
and chapter 5, a default set of parameters was painstakingly created.

All Sequence Pair works use randomness to some degree, to determine which move
should be performed in each iteration. In our initial experiments we followed such an ap-
proach. In that work we made all moves equiprobable and only accepted improving moves.
Although the results were somewhat decent it quickly became apparent that such an approach
would not suffice, as an enormous amount of iterations was required for the process to pro-
duce decent results. By turning to the literature we immediately realised that SA was the best
way to tackle our problems.

The main idea of the optimisation flow we propose is its decomposition to 3 distinct
phases.

1. The initialisation phase,

2. The Simulated Annealing phase and,

3. The Greedy phase.

The initialisation phase consists of the choice of the initial Sequence Pair, as well as a
set of minor optimisation to improve the starting solution. These optimisations consist of the
Naive Out of Core optimisation algorithm 1 (which is disabled by default) and the Create Out
of Core Rows move (which is enabled).

The Simulated Annealing phase consists of a loop that performs the optimisation ap-
proach that bears the phase’s name. As briefly mentioned in section 4.3, a lot of parameters
are required for SA to operate. So far we have mentioned the different weights specific to
each annealing sub-method, the initial temperature, the way we manipulate temperature, how
frequently we manipulate it and the mathematical method we use to do it. Despite the mul-
titude of parameters discussed, there is also an artifact of the methodology we are yet to
discuss. Preliminary tests have showed that the SA optimisation methodology as whole can
occasionally become stuck to a solution early on. This is due to the fact that the methodology
inherently accepts worsening moves. If not controlled, the method can come to such a bad
state cost-wise, that it will be unable to recover. For this reason, it was necessary to introduce
the Reset-to-best flag. What this does is, if a large enough number of worsening moves is
performed, the algorithm interprets it as being stuck in an unfavourable position, and instead



4.5 Novel Optimisation Loop 43

of reverting to the previous state, it reverts to the best known solution to resume its search.
The number of the failed moves was set to 250 by consulting Table 4.4. Upon exiting the
annealing phase another round of the minor optimisations can be performed described in the
first phase can be performed.

Before we enter the final, Greedy, phase we can perform another optimisation. According
to the findings from Table 4.4 and Table 4.5, it is clear that move effectiveness completely
changes in the latter half of the optimisation loop and the swap in on sequence move loses
its effectiveness. What we can do, is minimise the probability of this move in favour of the
much more potent swap in both sequences (enabled by default). After that the Greedy phase
continues by only accepting the best improving moves.

In both the SA and Greedy phases we have integrated the DPA described in section 4.4
(enabled by default). We also introduce a small execution time upgrade in these 2 phases.
If at any point in these phases a certain predetermined whitespace percentage is reached,
the optimisation flow exits as this is deemed as an acceptable solution. What is more, is the
fact that all phases keep statistics to assess the solution’s QoR. Finally, either phase can be
disabled by the appropriate flag (all 3 enabled by default).
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Algorithm 2: Core Optimisation Loop
Data: A Sequence Pair, the dimensions of the blocks in the Sequence Pair,

probability of each move, maxiterations, the set of Simulated Annealing flags
Result: A near optimal and legal packing under the Sequence Pair

1: if Create Out of Core Rows is enabled then
2: Perform the Create Out of Core Rows optimising move

3: if Naive Out of Core optimisation enabled then
4: Perform Naive Out of Core optimisation

5: while i in range of Simulated Annealing iterations AND Temperature Limit NOT
reached AND Acceptable Limit NOT reached do

6: Get a random move with the given probabilities and perform the permutation
7: if Evaluation shows move is NOT good then
8: Calculate the annealing acceptance probability
9: if Annealing Discards move then
10: Revert to previous

11: if A large number of moves fails in a row then
12: Revert to best solution

13: if Exit on whitespace percentage enabled then
14: if Acceptable whitespace percentage reached then
15: Exit

16: Adjust move probability based on result
17: Refresh Temperature according to the specified methodology

18: if Secondary Create Out of Core Rows enabled then
19: Perform the Create Out of Core Rows optimising move

20: if Greedy phase probability adjustment enabled then
21: Adjust move probability to favour swaps in both sequences while reducing the

probability of swap in one sequence

22: while i in maxiterations range AND Acceptable Limit NOT reached do
23: Get a random move with the given probabilities and perform the permutation
24: if Evaluation shows move is NOT good then
25: Revert to best

26: if Exit on whitespace percentage enabled then
27: if Acceptable whitespace percentage reached then
28: Exit

29: Adjust move probability based on result
30: Refresh Temperature
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4.6 Placement to Sequence Pair

A key problem in the literature was the Placement to Sequence Pair problem. Many in
the literature even support that general placements can be represented by Sequence Pair.
Through a few simple examples we will showcase, what we named as the Sequence Pair Un-
representability Problem. Based on that we will demonstrate how popular approaches in the
literature fail, to even extract, from a given Sequence Pair representable floorplan, one of the
many possible Sequence Pairs that reproduce it.

The Sequence Pair Unrepresentability Problem is something we realised very late in our
search for a solution to the Placement to Sequence Pair problem. But the Unrepresentability
problem can be seen through the very basic example in Figure 4.25.

Figure 4.25: Example showcasing the Sequence Pair Unrepresentability Problem.

Although Sequence Pair may seem intuitive at first it has a few secrets. Its main weakness
are diagonal relations. In Figure 4.25, block B can only have a horizontal relation with block
C, since C is its only horizontal neighbour and thus it C can only get its horizontal coordinate
from B. This forces the relation (BC, BC). Because B is designated as a horizontal neighbour,
and 2 blocks can only have 1 relation as described in the Sequence Pair criteria in section 3.1,
for the same exact reason this forces block A to have a vertical relation with C. This imposes
the relation (CA, AC). If we add to that the fact that A is also Left-of B and therefore, (AB,
AB) is forced as well, we have reached a situation where we have 3 statements that must
all be true for the Sequence Pair to represent the given floorplan. However, if we add these
statements together, we realise that we have reached a circular dependency. Therefore, there
cannot exist a Sequence Pair to represent the given floorplan.

This revelation occurred to us late in the development of our own Placement to Sequence
Pair solution. At this point in time, we had already implemented the algorithms described by
Huo et al. [8], [11], and by Jens Egeblad [9]. In the following subsections we will debunk
these algorithms along with the original Gridding procedure.
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4.6.1 Gridding

The Gridding procedure, described in [14] and can be seen in Figure 3.3, is not even an al-
gorithm as it is very loosely defined and has an estimated complexity ofO(n3). Nonetheless,
it has more serious problems. To begin with, since it is loosely defined and in the example the
authors provide in Figure 3.3, the blocks are not packed, inconsistencies arise in the proce-
dure. In a case that will be used to debunk all Placement to Sequence Pair methodologies and
can be seen in Figure 4.26, when modules of identical dimensions are used we cannot decide
the order in which they exit the top-right or top-left corners as specified by the procedure
which leaves us unable to continue. Different orders were attempted but none managed to
yield a Sequence Pair that can reproduce the given floorplan.

Figure 4.26: Placement to Sequence Pair debunking example.

4.6.2 Huo’s Algorithm

The algorithm proposed by Huo can be seen in algorithm 3 [8]. For the sake of simplic-
ity, we will only showcase the simple list version of the algorithm that produces the Positive
Sequences, as the one that produces the Negative Sequence is trivially extracted by the Pos-
itive Sequence one and the updated version simply utilises a binary tree structure to reduce
its overall complexity.

The major flaw of the algorithm by Huo et al. is that it verbosely degenerates all diag-
onal relations to Horizontal ones. This as discussed in the Sequence Pair Unrepresentability
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problem presents a big issue. Similarly, At 3.4.1 [2] also claim that breaking constraints to
horizontal ones leads to results as well.
Algorithm 3: Huo Placement to Sequence Pair [8]
Data: An empty list L+ representing the Positive Sequence, a list of block names

(BL) along with their placed coordinates
Result: A Sequence Pair that corresponds to the given placement

1: Sort blocks in BL ascending x coordinate
2: Insert BL[0] in L+
3: foreach other block i ∈ BL do
4: name← BL[i].name

5: foreach block list_name ∈L+ do
6: r ← relation(name, list_name)

7: if r == LEFT || r == ABOVE // name precedes list_name

8: then
9: L+.insert(list_name, name) // insert name before list_name

10: break

11: if The end of L+ is reached then
12: L+.append(name)

This produces a final result that looks like this.

Figure 4.27: Initial Floorplan. Figure 4.28: Result by Huo’s algorithm.

In this example where the blocks are of identical dimensions and are packed in this
checkerboard pattern, Huo’s algorithm presents a nice compaction property as a side-effect.
This property though, only holds for such floorplans and is not well defined.

4.6.3 Egeblad’s Algorithm

The algorithm by Jens Egeblad [9], is a more complex one. It relies in performing a
coordinate transformation to solve the ambiguities introduced by Gridding and succeeds to
that end. However, that transformation is not well defined either, because it is based in a
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secret parameter, named alpha, the value of which remains a mystery. The algorithm relies in
a complex tree-like data structure in which the bottom-left and top-right points of each block
are inserted in a specific manner. After the successful insertion of all points the structure is
traversed in an in-order manner which produces the required Sequence Pair. In algorithm 4
we present how to extract the Positive Sequence, since the Negative one can be trivially
extracted.
Algorithm 4: Egeblad Placement to Sequence Pair [9]
Data: A set of placed rectangles R, where r ∈ R, a transformation matrix as

described above
Result: The Positive Sequence after an in-order traversal of the structure

1: foreach r ∈ R do
2: Transform coordinates of the lower-left and upper-right corners of the using the

input transformation matrix
3: Generate breakpoints at the lower-left and upper-right transformed corners

4: Sort the breakpoints by increasing transformed x-coordinate
5: foreach Breakpoint do
6: if Breakpoint is start of rectangle-segment then
7: Insert the rectangle-segment into segment data structure

8: if Breakpoint is end of rectangle-segment then
9: Remove the rectangle-segment from segment data structure

10: if Breakpoint is upper-right of rectangle r then
11: Find segment s above
12: Let t be the rectangle of s

13: if s has negative slope in transformed coordinate system then
14: Insert r as successor of t

15: else
16: Insert r as predecessor of t

17: Perform an in-order search of the tree-like structure
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Figure 4.29: Floorplan for Egeblad’s algorithm example.

Figure 4.30: Result from Egeblad’s algo-
rithm for alpha = 1.

Figure 4.31: Result from Egeblad’s algo-
rithm for alpha = 10.

We experimented with multiple values of alpha and came close to a solution but never
reached an exact solution as can be seen in the figures above. This small inconsistency in
results scales really badly when sing the algorithm for larger more complex floorplans.
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Figure 4.32: Positive steplines from Ege-
blad’s algorithm for alpha = 10.

Figure 4.33: Negative steplines from Ege-
blad’s algorithm for alpha = 10.



Chapter 5

Experimental Methodology

As mentioned in chapter 4, our work was integrated to an EDA environment developed
by [28], called ASP. All development was performed in the C programming language. Due to
its integration in such an environment, our work is capable of handling blocks with different
properties. The blocks that can be handled range from standard library cells and modules to
cell clusters, multilevel clusters and even design partitions.

All of the experiments and tests described in the following sections were performed in a
server containing and Intel(R) Xeon(R) Silver 4114 CPU@ 2.20GHz with 128GBs of RAM.
The server’s OS is CentOS 7 3.10.0-1160.99.1.el7.x86_64.

5.1 Experimental Setup

To test our work, we wanted a level playing field. Therefore we decided to perform all of
our tests on the same benchmark. To showcase the integration with ASP, the benchmark is
an AES core synthesized at a 0.25µm commercial library, and consisted of 165 multi-level
clusters.

Since we introduced a lot of optimisations, we decided to test our work in an additive
manner. This means that we tested the optimisations one at a time, each time keeping the
best one from the previous testing stage. Our aim with this was to determine by elimination,
the best possible Sequence Pair optimisation setup. The way this was implemented was, by
disabling all features from the optimisation loop as described in section 4.5 and re-enabling
it in stages. Thus, comparing and aggregating the best methodologies across the various SA
configurations discussed in section 4.3. In this manner we will be able to also deduce which
SA methodology performs best in realistic conditions.

Because the nature of SA optimisation inherently introduces randomness to the process,
we devised a setup to eliminate that as much as possible. Each test was performed a total of
12 times. This was done in order to remove the best and worst result as statistical outliers
and averaging the other 10 results in the hopes of producing as accurate statistics as possible.

51
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Every graph we will present from this point onwards is the average of the results we obtained
with the outliers removed.

All of the performed tests performed 400k iterations with no target whitespace exit condi-
tion. The experiments also utilised the Revert-to-Best flag in the annealing loop. This meant
that if the annealer performed a specified number of worsening moves in a row it would au-
tomatically revert back to the best solution to avoid being stuck in a local minimum. For our
experiments this number was set to 250 worsening moves.

Below we will describe the order and attempt to interpret the results to the best of our
abilities. All result graphs are presented together in section 5.3 below. In the results we will
present below, we omit the execution time of the tests. Initially we were to include the exe-
cution time but when we measured it, we observed that all tests had finished in an average
of 19.5 seconds. We expected to see significant differences in execution time across the dif-
ferent annealing methodologies since calculating the temperature involves a various degrees
of computational complexity. However, the differences were not consistent across tests and
could easily be attributed to cache misses and page faults out of our control. Thus, execution
time results were not included.

5.2 Order of performed optimisations

Before we begin describing our order of optimisations, we need to mention that we did
not include in this experimental setting the optimisation move introduced in algorithm 1. This
was done on purpose since preliminary results showed that it lead to local minima that the
optimiser usually is not able to escape.

We applied our optimisations in the following order.
Firstly, using the random Sequence Pair, as it was the most consistent form of starting

Sequence Pair, in terms of preliminary results up to this point, we measured the effects of the
newly introduced put moves. In this experiment all moves where equiprobable. In Figure 5.5
we can see a clear 2% benefit in whitespace by simply introducing the put moves to the
optimisation loop. For this test, we only utilised the step linear annealing methodology as we
felt it was enough to assess the effectiveness of the new moves.

Then we wanted to capitalize on the knowledge we gained about the move success rates
in section 4.4. For that reason we compared 3 distinct approaches. In the first one we used
equal probability for all moves, in the second one we used values we determined through the
preliminary tests for the probability of eachmove and in the third onewe also incorporated the
DPA to the second approach. In Figure 5.7, the predetermined probabilities showed a clear
and consistent advantage over the equiprobable setting ranging from 0.5% to 1.5% across
all SA methodologies. The DPA approach also showed improvement over the second one
although not as large and not as consistent. It is apparent that this method requires further
parameter tuning.
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Next we examined the effects of the different starting Sequence Pair solutions. For this
test we also tested 3 methodologies while based in the DPA approach described above. The
random Sequence Pair, the single column one, and the newly introduced one described in
section 4.2, which creates rows of similar height. In Figure 5.6, as predicted by the preliminary
tests, the random Sequence Pair outperforms consistently and across the board both other
approaches by a clear margin of more than 1%. An interesting observation can be made
about the newly introduced starting solution, which is by far the worst. This is of no surprise
since initial testing showed that it provides the best initial solution, which can sometimes be
acceptable as is. But this degree of order and optimality early on in the optimisation process
does not allow the algorithm to hill climb and find better solutions, even against the single
column starting Sequence Pair. It must be noted once again that the effectiveness of this
method is highly dependent on the dimensions of the blocks participating in the floorplan.

Finally, we tested the the performance of the Create Out of Core Rowsmove we created in
subsection 4.1.3.We performed 2 sets of experiments, based on the random starting Sequence
Pair which was determined the best one above. One without the Create Out of Core Rows,
and one where we utilised the new move in 2 places in the optimisation flow. Once in the
beginning of the flow to gather inside of the core the blocks that were outside of it and once
right after the annealing part of the loop exits and we enter greedy optimisation to achieve
the same effect. This achieves the best of both worlds. We achieve a degree of high entropy
while most of our cells remain mostly inside the core and have a starting solution before
entering the optimisation loop that can still be largely affected from the SA optimisation. In
preliminary tests, where a different experimental parameters and another benchmark were
used, this showed incredible results of increased QoR, sometimes even upt to 3%. However
as is evident in Figure 5.8, in this exact setting the method was severely outclassed by the
default one. Our best theory as to why this was the case, once again is the methods reliance
to the dimensions of the benchmark’s floorplan blocks.

In our concluding remarks on the experiments, we have to mention the performance of the
various SA methodologies. Over the course of the performed experiments, the Step Linear
methodology stood as the sole winner, with an advantage over the competition ranging from
0.2% to slightly over 1.5% in certain cases.

Here we will take the chance to present some of our best results across all the tests we
conducted throughout this thesis.
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Figure 5.1: Some exquisite results part 1.

Figure 5.2: Some exquisite results part 2.

In this stage we have to mention that these parameters do not apply to a lot of other de-
signs. When we applied our best methodology acquired below to a bigger benchmark we got
the following floorplans. This benchmark consists of∼700k standard cells and is partitioned
to 2000 floorplan blocks through the ASP’s partitioner. Here we can observe that there is
a lot more empty space. This is mainly due to the fact that this 400k and 600k iterations
respectively, where not enough to efficiently pack the larger design.
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Figure 5.3: Results for a design consisting of 700k standard cells divided to 2000 partitions.

Figure 5.4: Results for a design consisting of 700k standard cells divided to 1000 partitions.
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5.3 Results

In this section we will present the results for the experiments conducted in section 5.2.

Figure 5.5: Put move effectiveness.

Figure 5.6: Effects of different starting Sequence Pairs.
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Figure 5.7: Effects of different move probability settings.

Figure 5.8: Effects of adding out of core blocks as rows.
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Conclusions and Future Work

6.1 Conclusions

As technology continues to shrink and chip design grows ever more complex, there is no
doubt in our minds that floorplanning’s position in the ASIC design flow will become even
more paramount. In this work we have provided a lot of interesting insight and intuition in
the areas of Sequence Pair floorplanning and Simulated Annealing based optimisation. We
presented novel ideas and expanded existing concepts to improve both the efficiency and
QoR of algorithms that remain very popular to this day. We hope that this work will be the
stepping stone for others to draw inspiration and expand.

6.2 Future Work

Albeit interesting, this work has left a lot to be desired. The biggest observation we can
make is the fact that there is a lot of room for parameter tuning in our presented methodolo-
gies. Tuning for a large number of vastly different designs can be a daunting task.

Along with fine tuning SA parameters it may be worthwhile to pay closer attention to the
work of Lester Ingber. His work on Adaptive Simulated Annealing and Reannealing [32],
[30] and [31], has showed great promise.

In this work we solely focused our efforts in optimising the methodology for whitespace.
However, this may not always be of interest. Already, our work supports various cost func-
tions along with whitespace (total area and HPWL to name a few) but the optimiser has not
been tuned to handle the different numerical magnitudes and is far from optimal. Preliminary
results can be seen in Figure 6.1.

Nonetheless, these are not the only cost functions that interest the modern EDA indus-
try. In literature we can already find works addressing more modern cost functions such as
timing slack or thermal efficiency. Technology shrinking also presents another fascinating
area, where Sequence Pair can be of great use, the world of 3D and 2.5D chip design. In this

58
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Figure 6.1: HPWL results from a 700k cell design consisting of 2000 partitions.

domain we can assign a different Sequence Pair per design tier and optimize each tier sep-
arately. Since the tiers are independent and the Sequence Pairs are completely independent
such work can be trivially parallelized. This also clears the way for new optimisation moves,
such as moving a block across different design tiers. This is as easy as removing the desired
block from both sequences of the tier it currently resides, and moving it to the appropriate
place in the both sequences of the target tier. Another move that easily comes to mind is
swapping 2 blocks across tiers. This is equivalent to swapping the locations of the 2 blocks
in both sequences in the desired tiers.

Some interesting work has been proposed in this field by works from Chiou et al. [37],
who present an interesting parallel branch-and-bound approach and a unique Sequence Pair-
tree formulation for Sequence Pair optimization, as well as in [24] where Prakash et al. pro-
pose the partitioning of the design and assigning a Sequence Pair per tier but use a weird set
of moves that is not explained in great detail.

Work can also be done in the field of discovering new Sequence Pair moves. In [2] Kahng
et al. at 3.4.1 mention floorplan wheels and provides a graph and Sequence Pair example of
how a wheel is represented. This can be generalized and work with clusters that are heavily
connected to massively improve the total wire length.

Since this is a manufactured example and blocks have one identical dimension the devil
hides in the details. In fig 3.5, if blocks have different dimensions or blocks D and C have
have different horizontal predecessors OR blocks C and F have different vertical predecessors
there may be problems. We also need to compose such wheels by blocks of appropriate sizes,
if we want them to have near-zero whitespace.
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Figure 6.2: The concept of floorplanning wheels. Wheel sub-Sequence Pair (dcgef, cfgde)

Furthermore, it is of great importance that our work is compared against other floorplan-
ning approaches to properly measure the effect of our contribution. ASP, CASLab’s [28]
EDA tool includes global placement and slicing floorplanning algorithms. It was in our plans
to run experiments where we compare our work against the existing floorplanner but such
work was cut from the scope of this thesis, due to timing constraints. This is an attainable
goal for the future.

Finally, area that can greatly be improved is the decision making process. As we saw in
section 4.4, only a small number of moves is required to achieve a near optimal floorplan.
But as it stands our poor decision making is costing us in terms of the required number of
iterations and thus execution time. The nature of the Sequence Pair algorithm makes it a
prime candidate for the development of machine learning techniques to improve its decision
making.
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