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Abstract

Verilog-to-routing (VTR) provides users with an entire flow from the Verilog circuit

description to a final FPGA programming configuration. The VTR front-end inter-

face for Verilog compilation, Odin-II, lacks support for the Verilog-2005 standard and

SystemVerilog. However, Odin-II provides complex partial mapping for balancing

soft logic and hard blocks such as embedded multipliers, adders, and memories in

FPGA architectures. Yosys, an open framework for Register Transfer Level (RTL)

synthesis, provides extensive support for HDLs. However, the Yosys flow forces the

user to decide the discrete circuit implementation manually. The approach taken

by Yosys is to map all discrete components into available hard blocks or to explode

them in low-level logic when not available. This thesis proposes improving device

utilization and simplifying the flow by automating hard logic decisions with archi-

tecture awareness. Yosys, as a front-end HDL elaborator, in combination with the

Odin-II partial mapper, is added to the VTR flow.
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Chapter 1

Introduction

Field Programming Gate Arrays (FPGAs) are integrated circuits (IC) that can be

programmed after fabrication. Specific architectural details may vary, but fundamen-

tally an FPGA consists of configurable logic blocks (CLBs) that can be connected

via routing channels, composed of connection blocks (CBs) and switch blocks (SBs),

to I/O blocks, executing the task described by the digital circuit. CLBs are typically

composed of look-up tables (LUTs) and registers [3, 4, 5]. A K-LUT can represent

any K-input boolean function by storing the truth table of the function. In the

FPGA context, placement and routing are referred to as programming and connect-

ing the logic blocks to optimally deploy the digital circuit logic. FPGAs outperform

Application-Specific Integrated Circuits (ASICs) in lowering design and testing costs

along with providing a low-cost mass production of post-fabrication configurable

chips. Furthermore, FPGAs, as a platform for high-performance computations, pro-

vide compelling flexibility and highly reconfigurable hardware [3]. This has led to

ubiquitous usage of FPGAs in a wide range of application domains and real-world

tasks, such as machine learning [6, 7, 8]. FPGAs and their infrastructure technology

are subject to rapid development due to the high demands of application domains.

As a result, FPGA architectures must evolve and optimize their efficiency for target
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technologies in such application domains.

1.1 Verilog-to-Routing

Verilog-to-Routing (VTR) is an open-source Computer-Aided Design (CAD) tool

that provides users with the entire flow from Verilog circuit description to FPGA

configuration [9]. Not only is VTR considered as a baseline for novel CAD algo-

rithm evaluation, but it generates various FPGA configurations targeting details of

FPGA architectures [10]. In fact, VTR allows engineers to experiment with hypo-

thetical FPGA designs while extracting comprehensive design statistics. As shown

in Figure 1.1, VTR is a composite of three CAD tools:

• Odin-II: Verilog elaboration, synthesis, and partial technology mapping.

• ABC: Netlist logic reduction and LUT mapping.

• VPR: Packing, placement, routing and timing analysis.

1.2 Odin-II Synthesis and Elaboration CAD Tool

Odin-II is the front-end interface of VTR for Verilog elaboration and logic synthesis.

Essentially, Odin-II acts as a Verilog compiler1 in the VTR flow, while it performs

digital circuit optimization as part of generating a Berkley Logic Interchange For-

mat (BLIF) output. Odin-II currently suffers from the lack of full Verilog language

coverage support, such as repeat, edge and forever keywords. However, its strength

is in providing a complex partial mapping [11].

Moreover, Odin-II’s partial mapper is capable of generating the desired device foot-

print using a genetic algorithm (GA) in the soft logic instantiation. The genetic

1This process is recognized as elaboration
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Figure 1.1: VTR Flow.

algorithm allows the synthesis tool to explore the different soft-logic implementa-

tions of high-level netlist blocks. The added value of the GA approach is to let the

user specify the footprint of the final circuit, while it is driven from the user’s goals

of area and timing. To date, the Odin-II partial mapper GA has only been deployed

for addition operations. Although adders are small circuits, they have an omnipres-

ence in digital circuit design. Ripple Carry Adder (RCA), the smaller and slower

adder architecture and Carry Select Adder (CSLA), the larger and faster one, were

utilized in the experiments. The Odin-II GA-based partial mapper proved that the

circuit changes align with the user’s goals with a negligible extension in the Odin II

execution time [12]. Further information concerning the GA-based partial mapper

is discussed in Section 2.6.

Odin-II can also provide hard/soft logic trade-off decisions, named mixing optimiza-

tion, that can be initialized before partial mapping [13]. The optimization can be
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configured to be performed on either a portion of total hard blocks of an operation

or use exactly the number specified by an input parameter. To date, the mixing

optimization is fully implemented for multipliers, while the addition operation has

been recently developed [14]. The hard block optimization decision is made based on

a value calculated from the top to bottom depth-first traversal (DFS) of the netlist,

initiating from the potential hard block node. The DFS function increments the

maximum of children, while in the case of facing leaf nodes, the value is consid-

ered as 1. The approach originated from the assumption that the node count is a

correlated metric to the critical path delay design [15].

1.3 Yosys Synthesis Suite

Targeting novel and dynamic FPGA configurations, new and complex digital circuit

designs are increasing accordingly [16, 17, 18]. As a result, Hardware Description

Languages (HDLs) and logic synthesis tools play a crucial role as the front-end in-

terface of CAD tools. Yosys is an open-source synthesis suite with extensive Verilog-

2005 standard support [19]. Whereas most commercial synthesis tools are closed

source, Yosys offers a flexible and open-interface synthesis process. For instance, the

platform for coarse-grained logic development is provided by this flexibility, while

having access to an open synthesis process can be used as the basis for developing

synthesis algorithms.

The synthesis defines a complex process used to interpret the HDL into a digital

circuit [20]. In other words, the synthesis translates hardware behavioural HDL into

soft logic and FPGA architectural hard blocks, such as arithmetic units or memory

blocks [21]. Technically, the synthesis complexity originates from the optimization

of logic networks or hard/soft logic inference. The consequence of this complexity is

a competitive research area, including several contributions of essential techniques

4



and features to logic synthesis, for instance, And-Inverter Graph (AIG)-based opti-

mization offered by Berkeley ABC [22, 23], and minimizing area to improve runtime

and standard cell mapping by Berkeley MVSIS [24, 25].

The Yosys synthesis flow generates logically equivalent netlists of a digital design

in an iterative process. During the flow, the synthesis process repeatedly utilizes

external tools, such as combinational logic minimization or fine-grain technology

mapping, provided by Berkeley ABC, for optimization purposes [1]. While consider-

able valuable data is lost in these phases, the Yosys flow also loses opportunities for

logic inference decisions. In other words, the flow forces the user to decide discrete

circuit implementations manually. All discrete components are then mapped into

the available hard blocks or entirely exploded into soft logic, ignoring the device

capacity.

1.4 Contribution

In this thesis, we specifically aim to extract Odin-II’s partial mapping stage. The

combination of Yosys and Odin-II synthesizers not only improves the language sup-

port of the Odin-II synthesizer, but Yosys could also benefit from the combination

of hard and soft logic implementations. Furthermore, to provide the technology

mapping flow of the Yosys+Odin-II synthesizer with the extensive support of logical

circuits, we add the complete instantiation of the Odin-II partial mapper unsup-

ported logical components, such as modulo and division operations.

In the first phase, Yosys as an HDL elaborator is added to the VTR flow. Using a

Tcl script, including Yosys generic pre-synthesis commands, Yosys reads the Verilog

files. After resolving the hierarchical relations in the digital designs, it performs high-

level elaboration, such as translating process to netlist components, resolving finite

state machines (FSM), and detecting memory blocks. Ultimately, Yosys generates a

5



coarse-grained netlist in BLIF.

Odin-II BLIF reader, with slight changes that have been made in this thesis, reads

the coarse-grained netlist components and creates a netlist from the Yosys output

BLIF file. Once the entire netlist is created, the newly added stage, called BLIF

elaboration, elaborates the netlist components and makes them compatible with

the Odin-II partial mapper. Technically, the instantiation of the Odin-II partial

mapper unsupported logic is added in this phase to keep the Odin-II synthesis flow

untouched. Afterwards, the Odin-II partial mapper performs the partial technology

mapping, including logic optimizations and hard/soft logic inference based on the

VTR architecture files. It is worth noting that the combination of Odin-II BLIF

elaborator and partial mapper provides the new technology mapping stage in the

new Yosys+Odin-II synthesizer.

Our contributions include but are not limited to: creating the most compatible Yosys

coarse-grained synthesis script for Odin-II partial mapping flow; providing the abil-

ity to connect these two synthesizers; making the Yosys generated coarse-grained

netlist compatible with the Odin-II partial mapper; adding support for Odin-II par-

tial mapper unsupported logic, such as modulo and division; performing possible

optimizations for Yosys elaborated digital circuit; and integrating the Yosys and

Yosys+Odin-II synthesizers in the VTR flow.
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Chapter 2

Background

This section discusses fundamental aspects of electronic design, FPGA device archi-

tecture and technology mapping.

2.1 Digital Circuits

In the digital design process, a digital circuit can specify the design at different levels

of abstraction, as shown in Figure 2.1. Usually, digital designs are found in a higher-

level abstraction since the design process and effort are more negligible at this level.

However, the actual implementation is achieved by exploding the digital design into

a lower-level abstraction to determine the functionality [26]. Synthesis refers to

the automated process of converting a higher-level abstraction into a functionally

equivalent design in a lower-level abstraction. Simulation is also used to verify the

functionality of a digital design. This is the process of verifying output vectors of

digital circuits by comparing them with higher-level outputs.

2.1.1 System Level

The system level abstraction comprises the biggest digital building blocks, such as

CPUs or computing cores, to represent the digital design. Digital designs at this
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System Level

High Level

Behavioural Level

Register-Transfer Level

Logic Gate Level

Physical Gate Level

Switch Level

System Design

High Level Synthesis (HLS)

Behavioural Synthesis

RTL Synthesis

Logic Synthesis

Technology Mapping 
(Cell Library)

Figure 2.1: Synthesis Types along with Abstraction Levels [1].

level usually are represented using traditional programming languages, like C, C++,

and Matlab [27]. Some system level design tools exist to help connecting system

level design blocks. However, no common synthesis tool proposed automatic trans-

formation of the system level design into a low-level representation. The IP-XACT

file format is proposed in IEEE 1685-2009, representing system level designs and

building blocks that can be used in this level of abstraction [28].

2.1.2 High Level

The high-level abstraction is also represented by traditional languages, such as C,

C++, and SystemC; however, more limitations are applied compared to the system

level. In the high-level abstraction, only applicable and plausible circuits in hardware

design are permitted [29]. For instance, usage of pointers in the C language would be

limited to only memory inference, and therefore dynamic memory allocation is not

possible since no such concept exists in hardware. Most commercial vendors’ CAD

tools support the transformation of the high-level abstraction to low-level represen-
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tation [30, 31, 32, 33], while a few free and open-source software (FOSS) synthesis

tools, such as LegUp [34] and Google-XLS [35], propose this feature as well.

2.1.3 Behavioural Level

The behavioural level of abstraction provides advanced data and control flow in

digital design, enabling algorithmic descriptions of hardware and synchronization

between different blocks and processes. The sequential blocks, i.e., always in Verilog

and process in VHDL [36], provides the imperative programming to be used for

data types. Sequential blocks are provided with a sensitivity list, including signals

and conditions, that handle the execution and value specification of data types.

For instance, once a sensitivity signal changes its value or condition, the sequential

block is executed in the simulation process. In the synthesis process, the synthesizer

also translates the sequential block into an appropriate datapath using data type

components [37].

2.1.4 Register Transfer Level

Data transfer among registers is known as Register Transfer Level (RTL) transfers,

while the event-driven (sequential) model is considered the basis for RTL transfers.

In this level of abstraction, the digital circuit is represented by combinatorial dat-

apaths, and data type components, such as data flip flops (DFFs) [38]. In Verilog,

continuous and registered assignments represent the combinatorial datapaths and se-

quential components, respectively. Many optimizations and analyses, such as FSM

detection and optimization, memory identification and optimization of shareable re-

sources, usually happen at the RTL abstraction. RTL synthesis could easily be

inferred as a straightforward transformation of digital components to their gate-level

representation. However, it is usually accompanied by numerous modifications and

optimizations that make it a highly sophisticated process [37, 39].
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2.1.5 Logic Gate Level

In the logic gate-level of abstraction, a digital circuit is described using a netlist,

discussed in Section 2.5. A logic gate-level comprises small single-bit basic building

blocks, such as AND, OR, NOT and data types (registers). This level of abstrac-

tion can be displayed using multiple formats, such as Electronic Design Interchange

Format (EDIF), BLIF, and HDL languages such as Verilog and VHDL. The logic

gate-level of abstraction usually comes with two primary challenges: finding opti-

mization opportunities and optimal netlist mapping to the available physical gates.

Multiple approaches are taken for logic synthesis, in which the simplest one is two-

level synthesis, achieved by converting the logic function into a sum-of-products

using the Karnaugh map. However, the most straightforward approach would often

result in the worst efficiency. Therefore, complicated multi-level approaches [40] are

used, which usually turn logic functions into Binary-Decision-Diagrams (BDD) or

AIG [41, 22, 23]. The BDD method has the advantage of being in normalized form,

while the AIG approach is known for having much better worst-case performance [39].

2.1.6 Physical Gate Level

In the physical gate-level of abstraction, a digital circuit is represented by gates only

available in the target fabric [42]. In FPGAs, LUTs are considered as the basic

building blocks. However, in other platforms, the basic building blocks would be

considered as either NAND, NOR, or NOT gates in addition to data type registers

or even larger cells such as half adders and digital signal processors (DSPs). The

physical gate-level is usually the lowest level of abstraction for synthesis tools.
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2.1.7 Switch Level

The switch level is the lowest level of abstraction so that single transistors operate as

the biggest building block of the digital design representation. Technically, the switch

level of abstraction specifies the interconnection of transmission gates which are

abstractions of an individual metal-oxide semiconductor (MOS) and complementary

metal-oxide semiconductor (CMOS). Transistors can be either on or off at the switch

level, showing they are conducting or not conducting. Although the switch level could

be modelled in HDLs such as Verilog and VHDL, they are not common in modern

digital platforms since the physical gate is typically considered the lowest possible

abstraction level of digital components.

2.2 Electronic Design Automation

Nowadays, technology has become tightly integrated with human lives. While hard-

ware mainly comprises this integration, generating such technology requires a con-

siderable effort in the design and verification process. Electronic Design Automation

(EDA) refers to automating the validation and verification of a given electronic

system model at the electronic system level (ESL). EDA tools perform multiple syn-

thesis and verification steps on an ESL design to ensure the correctness of the design

against the specification of the system [43].

The system could vary from a simple IC to more complicated platforms such as

FPGAs. FPGA vendors have their own closed proprietary EDA tools to make a

given design, typically written in behavioural hardware description languages, such

as Verilog and VHDL, compatible with their FPGA specifications. However, the fully

FOSS EDA-like tools, such as Torc [44], RapidSmith [45, 46], Yosys+nextpnr [47],

SymbiFlow [48], and VTR [9, 10], have recently become apparent competitors for

such vendors.
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Basically, EDA tools comprise multiple CAD tools performing required alterations to

the electronic system model. Synthesizers are usually used as the first CAD tool to

perform the elaboration and synthesis process in the FPGA EDA tool. Optimization

and technology mapping processes may be included in synthesizers or provided by

other tools to make the design compatible, based on the target specification. Last

but not least, in FPGA EDA flow, a final tool is required to perform the physical

implementation, which includes packing, placement, and routing.

2.3 FPGA Architecture

FPGA architecture is usually referred to as the physical layout of a fabricated FPGA

platform. The architecture determines the available hard logic blocks and how logic

blocks and channels are located in an FPGA device. With the emergence of FOSS

EDA tools, exploring the various FPGA architectures became an interesting research

area.

Betz et al. [49] proposed a high-level FPGA architecture description language to

make this exploration possible. The authors proposed an embedded architecture

generator in the VPR tool that translates the high-level architecture description

into a detailed FPGA architecture. Odin-II and, more broadly, the VTR tool use

this architecture file to determine the hard logic blocks availability and target layout

specification. Specifically, the Odin-II partial mapper decides the heterogeneous logic

block inference based on a given target architecture file, while the VPR CAD tool

implements the Routing Resource Graph (RR-Graph) based upon the architecture

file [10]. Regarding the hard blocks, architecture files include the definition of block

ports, their size and direction, in addition to corresponding area and power.

The most common hard blocks in the VTR architecture files are memory blocks and

DSP blocks, such as multipliers. Odin-II specific configuration for memory blocks
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comprises two Random Access Memory (RAM) block types. The first is Single Port

RAM (SPRAM) that has a single clock signal with a shared address port for read and

write accesses. SPRAM can only perform a single operation at a time, i.e., reading

from memory or writing into memory in each clock cycle. Another type is Dual Port

RAM (DPRAM), comprising two separate sets of ports to perform dual access to the

memory block. Using DPRAM, we can perform two memory accesses at the same time

through different ports [50]. As an example, a read access can be performed through

the first set of ports, while a write access can be executed through the second set

with a different address.

2.4 Logic Synthesis and Technology Mapping

Logic synthesis is the process of transforming the RTL description of a digital circuit

into the logic gate abstraction level. Technology mapping is referred to as converting

a general boolean logic network into a netlist of specified components in a technol-

ogy library. For FPGAs, the technology mapping is realized by mapping the design

netlist into a functionally equivalent K-LUT network, where the target FPGA ar-

chitecture specifies the K value. Despite the synthesis process usually integrating

with elaboration, optimization, and technology mapping, the ABC developers make

the distinction clear. ABC is primarily responsible for technology mapping in the

VTR flow. That means Odin-II does not provide complete technology mapping, as

it is not needed. However, Odin-II performs the technology-aware partial mapping

by specifying how to pack design components into hard logic blocks.

The partial mapping is executed in two steps, inferencing (identification) and pack-

ing stages. First, Odin-II extracts all hardenable components that have the potential

to be mapped to hard logic. Then, it decides the hard/soft logic inference of hard-

enable components in accordance with the target device architecture [11]. There is a
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correlation between structural attributes like digital circuit congestion and the prop-

erties of the designed product [51]. Early estimation of the final physical structure

allows for low-cost manipulating of logical gates, in fact it could improve the down-

flow placement and routing. Awareness of the architecture structural properties is

greatly helpful in this way, as seen with the Odin-II’s partial technology mapper and

ABC’s technology mapping.

2.5 Netlist

In electronic design, a netlist is a list form of the structural circuit implementa-

tion. A netlist illustrates the fundamental design building blocks, i.e., the types

and architectures, and their logical connections [52]. The structure and implemen-

tation of the netlist may vary according to the purpose of any individual project,

such as Logical, Instance-based, Net-based, Hierarchical or Physical. How-

ever, all of them share the same goal: describing the circuit. In the VTR project,

an Instance-based netlist is applied, which means the netlist describes the circuit

using component instances [52].

2.5.1 Berkeley Logic Interchange Format

Berkeley Logic Interchange Format (BLIF) is an approach to represent a logic-level

hierarchical circuit description in a human-readable format [53]. From the high-

level aspect, a circuit is defined as a combinational or sequential network of logic

functions, which can be represented as a directed graph of combinational logic cells

in addition to sequential logic elements. In BLIF, each node is associated with a

function and has a single output signal. Correspondingly, each net or signal is driven

with only one driver. A simple digital circuit in BLIF is represented in Figure 2.2.

The .model represents the flattened hierarchical modules in digital circuit designs.
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 1  |  .model Registered_OR

 2  |  .inputs a b clk

 3  |  .outputs out

 4  |

 5  |  .names GND

 6  |  .names VCC

 7  |  1

 8  |  

 9  |  .names a b OR_output

10 |  1- 1

11 |   -1 1

12 |

13 |  .latch OR_output out re clk 3

14 | 

15 |  .end

OR_output

a

b

Rising Edge Register

clk

out

Registered_OR

Figure 2.2: Simple Digital Circuit Represented in BLIF.

As an example in Figure 2.2, the module Registered OR comprises three single-bit

input signals and a one-bit output pin. The .names records are associated with

logic gates, whereas they must have only a single output signal. Constant Signals

such as the ground (low) or the source (high) can also be defined using the .names

keyword. For instance, .names GND without a number underneath represents the

signal named GND connected to the 0, while the .names VCC with number 1 shows

the signal named VCC that is constantly connected to the voltage common collector.

Numbers below the .names specify the associated logic gate functionality. The 0 and

1 represent the low and high values, respectively, while the hyphen (-) shows the value

of the don’t-care. The third .names record in Figure 2.2 shows an OR logic gate

with a and b as inputs and OR output as the single output pin. While the input a

is 1, regardless of the value of the input b, the output is 1 and vice versa.

Sequential elements, including latches and flip flops, are represented as .latch in

BLIF. The .latch record should receive five arguments, which the first and second

ones are the input and the output signals. The third value represents the type of

the latch that could be falling edge (fe), rising edge (re), active high (ah), active low

(al), and asynchronous (as). The fourth argument is the latch clocking signal, and

the last value specifies the latch’s initial value. The latch’s initial value could be 0
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or 1, representing the high and low value, 2 determining the don’t-care state, and

3, the unknown value. Note that all feedback loops in Berkeley Logic Interchange

Format must include a generic latch since pure combinational logic is not allowed.

2.6 Odin-II Partial Mapping

As a packing estimator, the Odin-II complex partial mapper determines how to pack

digital logic structures into hard logic blocks available on the target FPGA fabric or

explode them into soft logic to utilize LUTs. In general, the Odin-II partial map-

per performs packing in two stages. The partial mapper extracts hardenable digital

logic components in the first phase, called identification or inferencing. Once the

design structures are identified, it performs packing based upon available complex

logic blocks in the given FPGA architecture file. In the case of soft logic implemen-

tation, the base framework of the Odin-II partial mapper provides the instantiation

of standard logic cells, such as logical operations, shift, addition, subtraction, mul-

tiplication, etc. However, for new logic structures, such as floating point units, the

user is responsible for providing a packer for the proposed technology [11].

In addition to the basic technology mapping techniques, Odin-II’s partial mapper

can generate the desired device footprint using a genetic algorithm in the soft logic

instantiation. The GA allows the synthesis tool to explore the different soft-logic

implementations of netlist components. The Odin-II partial mapper GA has only

been deployed for addition operations with RCA as the smaller and slower archi-

tecture and CSLA as the larger and faster design. The GA-based partial mapper

affects the components in the netlist towards achieving the desirable circuit foot-

print. While demonstrating a tangible change in the entire VTR flow, showing that

a modified circuit aligns with the user goal is achievable, it requires extra time to

find a configuration that best matches the demanded footprint. The extra execution
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time depends on various criteria, such as the number of add operations in the bench-

mark, the available adder types, and the GA parameters. According to experiments

performed on Odin-II GA-based partial mapper, the fitness value improvement for

a more significant combination of parameters than the enhancement of time is sub-

tle. Furthermore, the improvement of fitness for benchmarks with more operations

is marginal. In other words, the experiments prove that the desired configurations

could be found earlier in large benchmarks [12].

The Odin-II partial mapping stage can also provide hard/soft logic trade-off deci-

sions, named mixing optimization. Instead of the GA approach that explores dif-

ferent soft logic implementations of an operation, the mixing optimization provides

the Odin-II partial mapper with the ability to determine an operation’s hard/soft

implementation based upon the user request. The optimization can be configured

to be performed on either a portion of the total hard blocks of an operation or use

exactly the number specified by an input parameter [13]. Previously, the hard/soft

logic trade-off has been fully implemented for multipliers, however, the support for

the addition operations has been recently developed [14]. Once the FPGA layout

is retrieved from the architecture file and the hard blocks’ counts are calculated,

the optimizer must decide which operation should be implemented on soft and hard

logic. This trade-off decision is determined according to an accumulative value cal-

culated from the top to bottom DFS of the netlist, starting from the potential hard

block node. Considering the value of leaf (output) nodes as 1, the DFS function

increments by one the maximal children’s value in each proceeding level to predict

the path length using the node count as a correlated metric [15]. In the end, the

operation nodes with more significant values will be instantiated with complex logic,

while the remainder will be implemented using their soft logic design.
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Chapter 3

Design

Describing the details of implementing the Yosys+Odin-II CAD tool, it is worthwhile

to first state the higher-level preliminary work that provides a contextual basis for the

integration. This section provides a broad overview of the new interlocking phases

in the partial mapping flow needed by the Yosys+Odin-II requirements. We then

discuss the approaches taken to fully deploy the partially supported or unsupported

features in Odin-II logic cell mapping.

Odin-II provides the synthesis and simulation processes for digital circuit designs.

The Verilog synthesis includes six phases: parsing, abstract syntax tree (AST) opti-

mization, netlist elaboration, partial technology mapping, netlist optimization, and

BLIF generation. The hardware description is elaborated and compiled into an RTL

logic netlist in the first three phases. The FPGA technology-dependent process

starts to map the elaborated netlist components to soft logic or available complex

logic blocks specified in a given architecture from stage four. Once the synthesis

flow is completed, Odin-II produces a technology-dependent netlist in a BLIF file.

The simulation process initiates after BLIF generation. Odin-II parses the BLIF

file and creates an in-memory netlist. Then, the netlist simulation process starts to

validate the functional correctness of the generated circuit [54]. Our contribution
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is based on the combination of Odin-II’s ability to parse a BLIF file and perform

the partial mapping on its netlist data structure for a coarse-grained netlist gener-

ated by Yosys. Numerous modifications for RTL logic transformation, optimization,

and technology mapping are applied to the Odin-II technology mapping to achieve

the desired goal. Figure 3.1 depicts the synthesis flow for all synthesizers. The

dotted line shows the Odin-II synthesis flow, while the dashed line illustrates the

standalone Yosys synthesizer. Yosys+Odin-II is shown using solid lines utilizing the

same post-synthesis process as the Odin-II synthesizer. As shown in Figure 3.1, the

Yosys+Odin-II technology mapping is performed through three stages: BLIF I/O

Interface, BLIF Elaboration, and Partial Mapping.

3.1 BLIF I/O Interface

The Odin-II input interface accepts Verilog and BLIF languages as inputs through

command arguments, while it generates the BLIF file as the only output form. In

this project, Odin-II’s I/O interface was replaced with a generic C++ class. The

generic I/O class equips the Odin-II program with reading and writing methods, in

which the I/O file format could be determined based on command arguments. A

separate class is allocated to each language, including the necessary methods to read

and create a netlist or write the netlist correctly. Since our contribution is focused

on the Odin-II partial mapping and BLIF parsing, we decided to touch the Odin-II

synthesis flow as little as possible. As a result, the Verilog parser functionality is left

intact. However, the Odin-II BLIF reader is slightly changed to be able to read Yosys

BLIF components. Based on the Yosys generated BLIF file, the Odin-II BLIF reader

creates a netlist data structure. Yosys is asked to generate a hierarchical-flattened

netlist, which instantiates all modules in the RTL description into the top module. In

the end, the Yosys output BLIF file has only one .model record. The Odin-II BLIF
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reader iterates over the input file, and once it faces a cell (represented as .subckt in

BLIF), it searches through the available sub-circuits. If a corresponding sub-circuit

already exists, the reader extracts the information, creates a new object, and adds

it to the netlist. Otherwise, it creates a new cell with the current sub-circuit ports

information, such as size and name, and stores it for future retrieval.

3.2 BLIF Elaboration

BLIF elaboration is added as a new stage to the Odin-II technology mapping. Tech-

nically, the infrastructure of Odin-II and Yosys differ from each other. As a result,

a transformation process is required to overcome incompatibility issues. Some logic

inferences were not supported in Odin-II previously. We also added support for

them in this contribution. As previously described, we tried not to touch the Odin-

II synthesis structure. Therefore, resolving newly added components into Odin-II

supported components—followed by some optimizations—happens in the BLIF elab-

oration phase.

3.2.1 Cell Transformation

Cell transformation includes port modification, signal padding, and converting un-

supported logic blocks to Odin-II supported ones. The Odin-II logic instantiation

process expects logic blocks with I/O ports in the specified format. As a result, ports

are modified in terms of order and size in this stage. According to Yosys logic cells,

this process is required for bitwise, logical, and binary comparison operations. In

the case of available hard logic in the given FPGA architecture, Odin-II requires ad-

dition operations with carry-in and carry-out, which are also handled in this phase.

In some cases, Odin-II requires logic block inputs with equal sizes. Therefore, the

padding process is also performed based on the signedness of ports.
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3.2.2 Complex Logic Cells

Some logic, such as division, modulo, and exponentiation, are not fully supported in

Odin-II; however, this study adds the low-level instantiation process. For example,

Odin-II only supports exponentiation with a constant exponent, and division and

modulo are not fully supported. Moreover, Odin-II is built upon the formal data

flip-flop cells, while Yosys generates eight different data flip-flop cells with enable,

set, clear and asynchronous/synchronous reset. Therefore, not only the unsupported

logic instantiations are required to be implemented, but a process is required to

transform the remainder of logic cells to the Odin-II supported format.

3.2.2.1 Data Flip-flops

Data Flip-flops (DFFs) are key components in hardware design, especially in FSMs,

that can cause sequential loops and form a critical part of control logic [55]. While

all DFFs eventually provide the same functionality, Yosys generates eight different

DFF types in the RTL level of abstraction with additional abilities. According to the

requisite digital design needs, Yosys-generated DFFs vary from asynchronous DFFs

to synchronous ones with control signals. One of DFF’s applications is to provide

control over loops in digital designs. However, asynchronous DFFs are themselves

including loops. As discussed earlier in Section 2.5, combinational loops are not

permitted in BLIF and also not supported by ABC. Therefore, Yosys is asked to

map the DFFs with asynchronous reset to synchronous ones while generating the

coarse-grained netlist. The instantiation of the synchronous DFFs is added to Odin-

II BLIF elaboration based upon designs depicted in Figures 3.2 to 3.7 [1, 56]. It is

worth noting that the checking process of control signals polarity is performed on

the synthesizer side. In other words, boxes with an equal sign inside are only in

place to show the logic behind the design of each synchronous DFF. However, the

polarity equality is checked in the synthesis process, and multiplexer inputs are then
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re-ordered based upon the polarity.

3.2.2.2 Multipliers

Multiplication is among the operations that are moderately common in hardware de-

sign. The Odin-II partial mapper already provided extensive support for multipliers.

However, there are still opportunities to improve the Yosys+Odin-II partial mapper

while instantiating the multipliers. More specifically, the constant and variable mul-

tiplications have not been classified during the regular Odin-II partial mapping, while

in the case of having constant multiplication, the partial mapper could instantiate

much more performantly. This thesis separates the constant and variable multiplica-

tion operations by checking the multiplicand and multiplier during the synthesis. On

the one hand, the constant multiplication operation is reduced to several shift and

addition operations based on Equations (3.1) and (3.2), resulting in substantially

smaller circuitry and faster propagation rate. On the other hand, the variable mul-

tiplication is still using the traditional approach implemented in the Odin-II partial

mapper.

∀ K ∈ N and k ∈ {0, 1}

K = ki−12i−1 + ki−22i−2 + ... + k121 + k020

(3.1)

M ×K = ki−1(M · 2i−1) + ki−2(M · 2i−2) + ... + k1(M · 21) + k0(M · 20)

= ki−1(M << i− 1) + ki−2(M << i− 2) + ... + k1(M << 1) + k0(M)

(3.2)

3.2.2.3 Division and Modulo

Considering two unsigned binary numbers: D (m-bit) as the dividend and d (n-bit) as

the divisor, the division is defined as a process of finding two unsigned binary numbers
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Figure 3.8: Combinational Division Network [2].

C (quotient) and r (remainder) where d 6= 0 and r < d and the Equation (3.3) is

true:

D = C.d + r (3.3)

In hardware design, a combinational solution for a division operation is possible that

attempts to mimic the process by splitting the division process into a series of shifts

and subtractions. Figure 3.8 depicts the schematic representation of combinational

division using subtractions and shifts, proposed by Ruiz et al. [2]. In the first step,

the divisor is subtracted from the n most significant bits of the dividend. If the

subtraction output is positive, the difference is transferred to the next level as the

n most significant bits of the altered dividend and the quotient bit is considered

1. However, if the output is negative, the dividend passes to the next level un-

changed while the quotient bit is 0. To deploy the combinational division network,
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full subtractors taking into account the possible borrow of the previous bit with a

2-1 multiplexer are constructed as the cell CR, shown in Figure 3.9. On the other

side, a half subtractor with a 2-1 multiplexer is considered for bits without input

borrows as depicted in Figure 3.10.

Technically, a few aspects of the division operands have to be considered to utilize the

combinational division method. First, it is assumed that the lengths of the dividend

and the divisor follow the relationship of m = 2n− 1. Secondly, the most significant

bit of the divisor always should be 1. Neither of the assumptions implies restrictions

since, on the one hand, the size of the operand is adjusted by concatenating with

zeros, while on the other hand, shifting the divisor is performed to make the second

assumption attainable. Note that we properly transfer the shift to the quotient and

remainder. In the Yosys+Odin-II BLIF elaboration, quotient (C) pins are connected

to the division cell outputs while the remainder (r) pins are attached to the modulo

cell outputs.
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3.2.2.4 Exponentiation

Raising an integer number N (base) to the power of P (exponent) consists of mul-

tiplying the base by itself P times. As a result, with appropriate multipliers, any

integer number N can be raised to any power. Implementation of the exponentiation

operation for all possible situations is not standard due to massive resource consump-

tion. However, we provide the rudimentary implementation of the power module to

provide users with the ability of synthesizable power operation for possible common

situations.

To implement the exponentiation logic, we categorize the power cells into three

different processes. First, we check the base and exponent signals to see whether

they have a constant value or they are variable signals. Then, the corresponding

operation, selected among pure constant exponentiation, constant exponentiation

and variable exponentiation, is performed to instantiate the power arithmetic cell.

Pure constant exponentiation comprises a base N to a power of P, where both N and

P have a constant value. As a result, this operation is calculated during the syn-

thesis time, and no further such logic instantiation processes are required. Constant

exponentiation includes a base N to the power of P, where only the P is constant.

Knowing the value of the exponent in this situation provides us with the ability to

perform the exponentiation process using at least the P −1 number of multiplication

cells.

Figure 3.11 depicts the design we utilize in this thesis to instantiate the constant ex-
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Figure 3.12: Variable Exponentiation Circuit.

ponentiation. Once the exponent value is recognized, a chain of multipliers including

the P − 1 number of multiplication cells is instantiated. The front chain multiplica-

tion cell inputs are connected to the base signal, while the previous multiplication

cell output feeds the first input of the rest of the multipliers. Consequently, the last

multiplier output contains the value of the base N to the power of P, calculated by

P − 1 multiplication cells.

The variable exponentiation is referred to as raising a base N to the power of P, where

both N and P are signals that can have unspecified values during synthesis. Fig-

ure 3.12 depicts the combinational instantiation process of variable exponentiation.

The simplest and most inefficient approach is to infer a chain of multipliers, consid-

ering an unlimited number of multiplication cells, that the number of multipliers is

equal to the maximum possible value of the exponent. The outcome of the exponen-

tiation operation is achieved using a multiport multiplexer with the exponent signal

as the selector and all possible exponentiation values as inputs.

Note that the sequential design with many fewer multiplication cells is possible. A

possible sequential power module using a squarer and a multiplier could calculate

the P power of the base N in (P/2) + 1 clock cycle. Using a binary method for
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Algorithm 1: Sequential Exponentiation

begin
R← 1, i← m− 1
while i > 0 do

1) if pi = 1 then R← R ·N
2) R← R2, i← i− 1

end
if p0 = 1 then R← R ·N

end

exponentiation, for every P, the Equation (3.4) is true, where pi could have the value

of 0 or 1. Equation (3.5) shows how the P power of the base N can be calculated,

whereas Algorithm 1 explains the calculation process in detail.

P = pm−12m−1 + pm−22m−2 + ... + p12 + p0

= ((..(pm−12 + pm−2) + ..)2 + p1)2 + p0

(3.4)

NP = (..((NPm−1)2 ·NPm−2)2 · ... ·Np1)2 ·Np0 (3.5)

Although sequential exponentiation seems fascinating, it is not applicable during

synthesis since it needs memory access and complicated arithmetic operations. More-

over, users do not always provide a clock signal or expect sequential logic while they

design combinatorial circuits. As a result, we decided to utilize the inefficient com-

binatorial method by letting users benefit from the logic implementation of possible

power operations. At the current research point, the decision about exponentiation

implementation is not a great concern. This claim is mainly laid on two facts. First,

the power operation is not a common operation for the synthesis process. Second, for

future developments that are thoroughly discussed in Section 6.1 we plan to conform

to the Yosys style instantiating process, in which the approach lets a user provide

an RTL design for the technology mapping process of such logic blocks. It is worth

considering other commercial tools, such as Quartus [56], only support the exponenti-
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Figure 3.13: Yosys Internal Memory Block.

ation operation where the base is a positive power of 2 with a non-constant exponent,

exponentiation operation with constant exponent and pure constant exponentiation.

3.2.3 Memory Blocks

Based on the specified configuration for Yosys, three different memory types could

appear in its generated netlist. The VTR primitives Verilog file, including SPRAM

and DPRAM definitions, is always passed to Yosys. Once Yosys encounters VTR

primitives in an input Verilog file, it generates the primitive cells intact in the coarse-

grained BLIF file. As an example, Yosys does not perform memory transformations

to an array of registers on SPRAMs and DPRAMs, while keeping modular hierarchy, it

generates the corresponding records in the BLIF file. Since VTR memory primitives

are already supported in Odin-II, the corresponding cells are only created in the

BLIF elaboration phase and then passed to the subsequent phases. However, there

is no such support for Yosys memory cells resulting from implicit memory inferences.

The Yosys internal memory structure appears as a $mem sub-circuit in the coarse-

grained netlist. Basically, the $mem block is a .subckt BLIF record, including all

memory read and write signals that have access to the memory instance, as shown
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Figure 3.15: Dual Port RAM.

in Figure 3.13. That means memory read and write addresses are determined as two

separate signals. However, as shown in Figures 3.14 and 3.15, the supported memory

blocks in Odin-II, i.e., SPRAM and DPRAM, have a shared address signal for each port.

As a result, a fairly complicated process is needed to map the Yosys internal memory

blocks into VTR supported memory blocks.

In this thesis, the Yosys memory hard blocks are categorized into block memories

(BRAMs) and read-only memories (ROMs). BRAMs include read and write accesses

to the memory block, while the ROMs have only read access. To solve the incompat-

ibility issue, we classified the BRAMs and ROMs based on the number of each access

request. Then BRAMs and ROMs are mapped to SPRAMs and DPRAMs based on their ac-

cess types and source of address ports. In the case of having more than two distinct

accesses for a single BRAM or ROM block, we utilize decoded and cascaded multiplex-

ers, using memory enable signals, to map them properly to VTR supported memory

blocks.

3.2.4 Optimization

Typically, the optimization process improves the general performance metrics. Syn-

thesizer tools are responsible for performing optimizations such as removing unused

31



logic and avoiding duplication. ABC handles these cases by performing optimization

based on logic expressions. However, ABC cannot perform any optimization on hard

blocks since it sees them as black boxes. As a result, Odin-II should perform duplicate

hard block removal and sweep away unused logic [57, 58]. In addition to Odin-II op-

timizations, we discovered that additional optimizations could be employed on Yosys

generated hard blocks. Specifically, the implementation of computationally-intensive

operations, such as exponentiation and multiplication, could be reduced to achieve

more area and speed efficiency. For instance, detecting constant exponentiation op-

erations results in fewer multiplication cells usage, while the constant multiplication

could be reduced to shift operations. Furthermore, memory blocks are other poten-

tial blocks to be optimized. Yosys generates a block corresponding to an implicit

memory request. The memory block includes necessary signals, such as addresses,

data and enables. Odin-II calculates the memory dimensions based on the length of

address and data ports. While the requested depth of the memory might differ from

the inferred depth, Odin-II may infer a large useless memory block based on the

connected address width. As an example, when the result of a binary operation is

given to memory as an address signal, the final address result will be 32 bits. While

the actual depth of memory is not 2 powers of 32, considerable unused memory could

be inferred. The extra address bits are pruned to avoid such cases. Odin-II detects

this situation utilizing the non-standard parameters generated in the coarse-grained

BLIF, showing the declared depth of the memory.

3.3 Partial Mapping

Odin-II’s partial mapping starts after the BLIF elaboration phase. Technically,

netlist components map to technology-dependent cells in this phase. As mentioned

earlier, we aim to not modify the partial mapping phase and prevent any manipu-
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lation of Odin-II’s synthesis procedure. However, a few essential modifications are

applied to the partial mapping, which improves the entire VTR flow performance

while Odin-II’s synthesis flow functionality remains intact. The changes are outlined

as follows:

3.3.1 MUX 2

In the Odin-II infrastructure, the implementation of multiplexers is defined using the

one-hot logic representation. The one-hot logic multiplexer is a mux with a one-hot

vector as the control signal with a width equal to the number of mux inputs. To

instantiate a standard multiplexer with two inputs using one-hot logic, Odin-II has to

instantiate an additional logical not gate driven by the selector signal. This could

cause area deficiency and a decrease in the speed of the circuits with extra logic.

This study adds support for a standard multiplexer instantiation with two single-bit

inputs and a single-bit control signal. Although the instantiation of standard and

one-hot logic multiplexers is different, we consider both as multiplexer logic cells in

the netlist statistic calculation.

3.3.2 Multiport n-bits Multiplexer

Following MUX 2 instantiation, and due to the substantial need for multiplexers for

instantiating other components, the implementation of a multiport n-bit multiplexer

(npbMUX) is also added to the Odin-II partial mapping. The structure of npbMUX is

based on the definition of the multiplexer. The instantiation process includes two

phases; the first one transforms the npbMUX into single bit multiplexers. That means

the control signal and the number of input ports remain intact; however, each input

port takes one bit after this pass. Afterwards, the single bit npbMUXes are decoded

into multiplexers with two inputs using MUX 2 cells with a single bit selector.
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Figure 3.16: 8-bit Right Barrel Shifter using Multiplexers.

3.3.3 Constant-Variable Shift

A constant shift type is referred to as a shift operation where the shift value is

constant. In RTL, a constant shift and a variable shift are both shown as shift op-

erations. However, the constant and variable shift difference comes from the drivers

of the shift value port. The shift value port is driven by a combination of VCC and

GND in a constant shift, while another signal drives it in the variable model. We

previously added the inference of constant and variable shift operations by utilizing

a multiplexer implementation of a barrel shifter to enhance the performance of the

Odin-II synthesis flow in a secondary project. As shown in Figure 3.16, the bar-

rel shifter allows shifting input data, where the amount of the shift is specified via

the second input. The constant shift instantiation is embedded in the netlist AST

elaboration phase, which is out of the partial mapping reach, and therefore, is not

usable for our contribution. To overcome this issue, we moved the detection and

implementation of both shift operation types in the partial mapping phase. As a

result, the constant shift input manipulation is supported in the Yosys+Odin-II and

Odin-II synthesis flows, while the corresponding circuitry similar to Figure 3.16 is

created for variable shift operations.
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Chapter 4

Yosys+Odin-II

Odin-II parses a BLIF file and loads the netlist into memory with the same data

structure that the Verilog parser feeds the synthesis process. This provides us with a

potential entry point to the Odin-II flow for extracting the Odin-II partial technology

mapping section. To reach the research goal, two approaches are taken to perform

the elaboration by Yosys. First, we could execute each tool separately. By doing so,

Yosys performs the coarse-grained synthesis on the digital circuit designs using the

provided Tcl script in Listing 4.1. Then, the generated BLIF file is passed to Odin-II

using command arguments. Second, we could integrate the Yosys elaboration inside

Odin-II using the Yosys application programming interface (API).

4.1 External Execution of Yosys

To execute Yosys as an external tool, a list of appropriate commands is required to

generate a coarse-grained BLIF file. To this end, a Tcl script is created as shown

in Listing 4.1. A few environment variables have been used that should be initialized

before executing the script by Yosys. The PRIMITIVES is an environment variable

showing the path to the VTR primitives Verilog file. The TCL CIRCUIT should be set

to the input HDL circuit design file. The ODIN TECHLIB shows the path to the Odin-
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II technology library, including the Verilog designs that should be transformed during

the coarse-grained BLIF generation. Specifically, DFFs with asynchronous reset us-

ing the technology library are transformed to synchronous DFFs. The adff2dff

Verilog file is adapted from the Yosys common technology library. The adffe2dff

file is also similar to the previous file with some slight changes that cover the trans-

formation of DFFs with asynchronous reset and data enable signals. To ease the

process of setting environment variables and executing Yosys, a bash script called

run yosys.sh is created, located in ODIN-II ROOT/regression test/tools. The

run yosys.sh script is inspired by the Odin-II verification script, which is compatible

with pre-existing tasks and suites in the Odin-II regression tests.

In Listing 4.1, the yosys -import command provides the Yosys commands to the

Tcl interpreter. The definitions of SPRAM and DPRAM are provided to Yosys in the

VTR primitives Verilog file. If the VTR primitives file is passed as a library file,

Yosys considers memory hard blocks as black boxes. By doing so, the hard block’s

parameters, such as address and data widths, are no longer adjustable. To overcome

this issue, we use the regular Verilog reading routine, but the keep hierarchy at-

1 # Import Yosys commands
2 yosys −import
3

4 # Read VTR baseline library first.
5 read verilog −nomem2reg −nolatches $env(PRIMITIVES);
6 # Read Input HDL Design
7 read verilog −nomem2reg −nolatches $env(TCL CIRCUIT);
8

9 #Specify hierarchical information
10 hierarchy −check −auto−top; autoname;
11

12 # Normal synthesis passes
13 procs; fsm; memory collect; memory dff; check;
14

15 # Asynchronous dff removal
16 techmap −map $env(ODIN TECHLIB)/adff2dff.v;
17 techmap −map $env(ODIN TECHLIB)/adffe2dff.v;
18

19 # Flattening the design, Removing unsed logic
20 flatten ; pmuxtree; opt −undriven −full; autoname;
21

22 # Output BLIF
23 write blif −param −impltf env(TCL BLIF);

Listing 4.1: Yosys+Odin-II Synthesis Tcl Script
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tributes for both SPRAM and DPRAM are set in the VTR primitives source file to avoid

Yosys resolving them into the top module. The option -nomem2reg prevents Yosys

from exploding implicit memories to an array of registers. The option -nolatches is

used for both VTR primitives and input circuit design to avoid Yosys generating logic

loops. Afterwards, Yosys checks that the design cells match the libraries and detects

the top module using hierarchy. The procs command translates the processes to

netlist components such as multiplexers, flip-flops, and latches. The fsm performs

extraction and optimization of finite state machines. The memory collect pass col-

lects memories and their ports, then creates a multiport memory cell. The next

command, i.e., memory dff, converts asynchronous memory ports to synchronous

ones by merging ports and the related DFFs at their interfaces. The check com-

mand eventually examines errors like combinatorial loops, wires with multiple drivers

and used wires without any driver.

After performing basic synthesis steps, the techmap command with the input addf2d-

ff transforms DFFs with asynchronous reset to the synchronous form using the de-

sign provided by Yosys. The next command follows the same approach but for a

modified version of adff2dff with asynchronous reset and data enable signals. The

flatten command generates an output netlist with only one module, representing

the HDL circuit design’s top module. The pmuxtree pass transforms pmux, a sub-

circuit representing parallel cases, into trees of regular multiplexers. In the autoname

passes, Yosys generates an easy-to-read BLIF file by transforming signal names into

the short format. Then, the optimization pass is called to make the netlist ready for

output. The option undriven ensures that all nets without a driver are removed.

The full optimization option is used to remove duplicated inputs in AND, OR and

MUX gates. Ultimately, we use the write blif command to output the coarse-

grained BLIF file. The option param prints some additional information about logic

cells into the BLIF file, and the impltf option conceals the definition of primary
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1 # Coarse−grained BLIF file is already generated
2 .\odin II
3 −b coarse grained netlist .yosys. blif
4 −a fpga architecture.xml
5 −o fine grained netlist .odin. blif
6 −−coarsen
7 −−fflegalize

Listing 4.2: Odin-II Sample Command to Perform Partial Mapping for a Coarse-
grained BLIF file

netlist ports, i.e., VCC, GND and PAD, in the output.

After interpreting the Tcl script by Yosys, Odin-II starts to perform BLIF elaboration

and partial technology mapping using the command shown in Listing 4.2. The

-b option determines BLIF as the input format. This option is usually used to

perform the simulation process for an Odin-II generated BLIF netlist. Although

the BLIF reading process for both Yosys and Odin-II outputs are similar, an extra

flag is required to notify Odin-II about the coarse-grained style of the input BLIF

file, specified by the --coarsen keyword. This flag notifies Odin-II that the BLIF

elaboration phase is required to be performed. After the BLIF elaboration, the netlist

is partially mapped to the target device architecture specified by the -a option. Odin-

II decides about the hard block logic based on the target FPGA architecture file. If

an architecture file is not specified, Odin-II instantiates all netlist components into

soft logic, i.e., pure low-level logic gates. The --fflegalize is a new option that

is added to Odin-II in our contribution. In the version of VTR (commit 1a00ea9)

we use, VPR always assumes DFFs with rising edge sensitivity. As a result, such an

option is required for the Odin-II partial mapper to make all DFFs rising edge.

4.2 Embedded Yosys API

Yosys provides its API under its kernel header file. As a result, an alternative

way to integrate Yosys with Odin-II is to embed the Yosys execution inside the
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1 # Embedded Yosys API
2 ./odin
3 −V HDL circuit designs
4 −a fpga architecture.xml
5 −o fine grain netlist .odin. blif
6 −−elaborator yosys
7 −−fflegalize

Listing 4.3: Odin-II Sample Command to Perform Partial Mapping for a Verilog file
with Yosys as the elaborator

Odin-II codebase. For this purpose, we add a new elaboration stage to Odin-II,

allocated explicitly for Yosys elaboration. A new command argument --elaborator

is added to Odin-II, specifying the tool that should perform the elaboration. The

new option accepts odin and yosys as input; however, the elaborator is set to Odin-

II by default. Listing 4.3 is a sample command to execute the integrated Yosys API

inside Odin-II. Algorithm 2 describes the entire flow of Yosys+Odin-II, including

the embedded Yosys API to the Odin-II technology mapped output BLIF file. Once

Yosys is selected as the elaborator, its object is created in a new parallel thread, and

environment variables are specified. Then, the Yosys program is initialized, VTR

primitives are passed to Yosys and required attributes are set. As the next step, Yosys

performs the elaboration according to the steps described in the Tcl script shown

in Listing 4.1. When the elaboration is completed, and the coarse-grained BLIF file

is generated, Odin-II parses the BLIF file and loads it into an in-memory netlist.

At this step, Odin-II performs BLIF elaboration and available optimizations. Once

the netlist is ready for partial mapping, netlist components are mapped to available

hard blocks in the target FPGA architecture file or are exploded into soft logic. The

netlist is now compatible with the target FPGA; however, duplicated hard blocks

and unused logic may exist. As the last step, Odin-II performs unused logic removal

and makes the netlist ready for output.
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Algorithm 2: Yosys+Odin-II Synthesizer Routine

Yosys+Odin-II Synthesizer (

Data: HDL circuit design
Data: Target FPGA architecture file
Data: Elaborator (odin or yosys)
Data: Odin-II available options
Result: Partial mapped fine-grained netlist in BLIF

1 )

2 begin
3 if elaborator = odin then
4 Parse Verilog files
5 Perform AST optimization
6 Perform netlist elaboration

7 else if elaborator = yosys then
8 Setup Yosys
9 Initialization and reading baseline files /* Yosys */

10 Perform elaboration
11 Generate coarse-grained BLIF file
12 Parse coarse-grained BLIF file /* back to Odin-II */

13 Perform BLIF elaboration
14 Perform netlist optimization

15 end
16 if Memory hard blocks are available then
17 Detect memory hard blocks
18 Perform memory hard block optimization
19 Perform memory hard block mapping

20 end
21 Perform partial technology mapping
22 if GA-based partial mapper then
23 Perform device footprint conformity
24 else if Arithmetic hard blocks then
25 Perform mixing hard/soft logic mapping
26 end
27 Perform netlist optimization
28 Generate fine-grained BLIF file

29 end
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Chapter 5

Results and Analysis

This chapter discusses the Quality of results (QoRs) of Yosys+Odin-II and Yosys

front-ends in the VTR flow, working along with Odin-II, the VTR flow’s conventional

synthesizer. The main idea behind this thesis is to develop the Yosys+Odin-II syn-

thesizer utilizing the Odin-II partial mapper, which can customize the logic inference

for both hard and soft logic for the Yosys elaborator. However, we also found Yosys

interesting option as the VTR flow front-end. Therefore, we execute the VTR flow

over the VTR, Micro and finite impulse response (FIR) benchmarks using Odin-II,

Yosys+Odin-II, and Yosys front-ends to evaluate their performance. Moreover, we

present the VTR benchmarks’ QoR with the Yosys+Odin-II synthesizer that has a

customized DSP usage to address one of the main incentives behind the thesis goal.

Results are collected on a system with 12 Intel(R) Core i7 CPUs with Kaby Lake

microarchitecture and 32 GB of RAM. VTR tools are compiled with GCC 9 with

full optimization (-O3). QoRs geomean for all benchmarks are calculated across 10

seeds. Unless otherwise mentioned all QoRs are normalised to the VTR baseline,

constitued of Odin-II as the synthesizer.

Three sets of experiments are devised in order to evaluate the Yosys+Odin-II and

Yosys CAD tools with the VTR baseline. Each set runs over the VTR bench-
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Metrics Value

Process Technology 40nm
LUT Size (K) 6 (fracturable)
BLE per Logic Block (N) 10
Adder Bits per Logic Block 20
Memory Block Size 32Kb
DSP Block Multiplier Size 36× 36 (fracturable)
Switchblock Type Wilton
Wiretype Length 4

Table 5.1: VTR Modern-Style Flagship Architecture Characteristics

Synthesizer NPs CLBs Wmin RW VTR ET

Odin-II 1.00 1.00 1.00 1.00 1.00
Yosys 0.93 0.95 1.08 0.93 0.75

Yosys+Odin-II 0.96 0.95 1.03 0.96 0.84

NP: Netlist Primitive, RW: Routed Wirelength, ET: Elapsed Time

Table 5.2: Overview of Synthesizers’ Performance over the Heavy Netlist Primitive
VTR Benchmarks (geomean over 10 seeds, normalised to Odin-II)

marks through the VTR flow using the k6 frac N10 frac chain mem32K 40nm, the

modern-style flagship architecture. The architecture is designed in 40nm technol-

ogy with fracturable 6-LUT that can perform on two 5-LUTs with all five inputs

shared. This architecture is the most popular one among VTR users, which closely

approximates the commercial Stratix IV FPGA architecture. Table 5.1 describes

the characteristics of the modern-style flagship architecture. The primary purpose

behind using this architecture is to assess the synthesizers’ performance over hard

logic inference.

In the following sections, we discuss the VTR benchmarks experiments in detail;

however, the results of the Micro and FIR benchmarks are provided in Appendix A

and Appendix B, respectively. Table 5.2 briefly compares the performance of all

three synthesizers, based on the VTR benchmarks, in the VTR flow.
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5.1 Yosys+Odin-II QoR in VTR

The first experiment is performed with the same configuration as the VTR regression

QoR test to evaluate the performance of Yosys+Odin-II. Each benchmark is run

through the new VTR flow, starting from Yosys to perform coarse-grained synthesis.

Odin-II performs partial mapping to the target FPGA architecture on the coarse-

grained netlist. Then, the netlist is optimized by ABC, followed by performing

packing and placement by VPR. A binary search over channel width is conducted

to find the minimum routable channel width (Wmin). Once routing at the relaxed

channel width (1.3 · Wmin) is performed, the critical path delay (CPD) and wire

length are measured.

Table 5.3 shows the detailed QoR results on VTR benchmarks using Yosys+Odin-II

as the synthesizer. In this study, Yosys is added as an external library to the VTR

source tree at the fixed version (commit b96eb888). The QoR results in Table 5.3 are

relative to the VTR flow version (commit 1a00ea9) that utilizes only Odin-II as the

synthesizer. As Murray et al. [10] suggest, we analyze results for VTR benchmarks

with greater than 10K netlist primitives to avoid the skewing effect of small bench-

marks on the study’s outcome. To perform a fair comparison, we evaluate the VTR

benchmarks that achieve more than 10K netlist primitives via all synthesizers. Due

to the number of I/O differences for the stereovision0 benchmark compared to

the VTR baseline, we ignore it in the geomean calculation. Although we discuss the

Yosys front-end in Section 5.2 it is worth mentioning that the Odin-II synthesizer

achieves 2% fewer I/Os compared to the other two synthesizers for VTR bench-

marks. Additionally, stereovision1 is also not considered among the heavy netlist

primitive VTR benchmark evaluations for the reasons described in Section 5.2.

As shown in Figure 5.1, the Yosys+Odin-II optimizations have reduced the number

of netlist primitives by 4% while the logic depth, defnied by ABC as the largest

level of non-output node [23], remained intact. Optimization passes include, but
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Figure 5.1: Netlist Primitives for VTR
Benchmarks with all Front-ends.
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Figure 5.2: CLBs for VTR Benchmarks
with all Front-ends.
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Figure 5.3: W min for VTR Bench-
marks with all Front-ends.
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Figure 5.4: Routed Wire Lengths for
VTR Benchmarks with all Front-ends.

are not limited to, Yosys opt muxtree to remove dead branches of decision trees,

Yosys opt expr and embedded optimizations in the Odin-II BLIF elaboration to

perform constant folding, Yosys opt clean and Odin-II unused logic removal to

identify and clean up unused wires and cells, and Yosys opt merge that performs

resource sharing by merging cells with identical inputs into a single instance. VTR

benchmarks with the identical number of I/Os to the VTR baseline are chosen to

participate in the QoR comparison. Figure 5.2 illustrates that the number of CLBs

has decreased by 5% showing the Yosys+Odin-II synthesizer distinctly improves the

device utilization. As depicted in Figures 5.3 and 5.4, with fewer CLBs and 4% less

routed wire lengths, while the minimum routable channel width increased by 3%,

show that the Yosys+Odin-II synthesized circuits are even more compact.

All synthesis criteria are changed in a reasonable range while the overall VTR flow

runtime has reduced considerably. The synthesis time includes the Yosys elaboration,
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Figure 5.5: VTR Flow Sectional Runtime for VTR Benchmarks with Yosys+Odin
Front-end

the Odin-II BLIF reading, and the Odin-II partial mapping processes. Compared to

the baseline, the Yosys+Odin-II synthesis time increased by 5.71×. The time aug-

mentation is mainly due to the Yosys elaboration phase. Furthermore, an additional

BLIF reading process is added to the synthesis flow, which for large benchmarks could

result in a substantial time increase. As shown in Table 5.3, the stereovision2,

a computer vision application domain benchmark, achieved the minimum synthesis

time gain by 2.94×, among benchmarks with more than 10K netlist primitives. On

the other hand, the arm core benchmark, a soft processor, achieved the maximum

synthesis time 7.97× greater than the baseline. The synthesis time still comprises a

small portion of the entire VTR flow runtime, i.e., 2.02%. As a result, the substantial

increase in the synthesis time is negligible among the rest of the VTR CAD tools’

runtime.

Due to the optimization passes in Yosys, the ABC time is considerably reduced

by 14%, mainly accounting for the overall VTR flow runtime reduction. Among the

heavy netlist primitive benchmarks, the arm core, achieved the best improvement by

40% ABC time reduction. However, the mcml, a medical physics application domain

benchmark, and LU32PEEng, a mathematical benchmark with extensive RAM usage,
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require 10% more than the baseline’s ABC optimization time. In terms of placement

and routing, the synthesized circuits’ quality is enhanced compared to the baseline.

As shown in Figure 5.5, the Yosys elaboration improves the placement time by 12%,

and decreases the routing time by 22% while the placement time increases by 7%.

The overall VTR flow runtime is reduced by 16%, mainly due to the ABC and routing

time reductions. The peak memory consumption of the VTR flow is also slightly

reduced by 3%.

5.2 Yosys QoR in VTR

The Yosys QoR experiment follows the same approach as the first one but with Yosys

as the VTR flow front-end instead of Yosys+Odin-II. Yosys performs the elaboration

and synthesis on VTR benchmarks based on a slightly modified script than the one

Hung proposed for VTR-to-Bitstream [59, 60]. The ABC commands are removed

from the Yosys synthesis script. Instead, the ABC stage of VTR performs the opti-

mization and LUT mapping. The LUT width is considered the Yosys default value.

A simple addition operation compatible with Intel architectures is replaced with the

xadder implementation, specifically proposed for Xilinx architectures by Hung. The

other models proposed for Yosys remained intact; however, we added a couple of Ver-

ilog modules that perform depth splitting for VTR memory hard blocks. According

to these implementations, Yosys recursively splits SPRAMs and DPRAMs, which have

an address port size higher than that specified in the given FPGA layout. The mod-

ified version of the Yosys script proposed by Hung is presented in Appendix C. It is

worth noting that the same Yosys+Odin-II process to eliminate asynchronous DFFs

has been added to the script. The above mentioned changes mostly are included in:

single port ram.v and dual port ram.v library files to recursively perform depth

splitting; adffe2dff.v to handle DFFs with asynchronous reset and data enable
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signals; spram rename.v and dpram rename.v files for memory hard block renaming

process; and the Yosys synthesis script for adding techmap and dffunmap commands.

Table 5.4 elaborates the results of the second experiment, assessing the Yosys syn-

thesis capabilities in the complete VTR flow. We again evaluate benchmarks with a

minimum of 10K netlist primitives. However, it is necessary to mention that among

the heavy netlist primitive VTR benchmarks the stereovision1 benchmark shows

outlier behaviour using the Yosys synthesizer. This is mainly due to a 3.8× increase

in DSP usage, while the minimum routable channel width decreases by more than

50%. The substantial increase in DSP usage results in longer routing paths that

cause a more than 27% decrease in the circuit’s operating frequency. Consequently,

to avoid the skewing effect and to perform a fair comparison among all synthesizers,

the stereovision1 benchmark is neither included in the geomean calculation nor

considered among VTR benchmarks with more than 10K netlist primitives in all

comparisons discussed in this thesis. As mentioned earlier, to have the comparison

of the same set of benchmarks, the stereovision0 benchmark is also excluded from

the heavy netlist primitives VTR benchmarks.

The Yosys synthesizer results have significant QoR changes compared to the VTR

baseline. As with Yosys+Odin-II, the number of I/Os across of the heavy netlist

primitive VTR benchmarks slightly increased by 2%, compared to the VTR base-

line. However, we exclude benchmarks with different numbers of I/Os, as mentioned

earlier. The number of pre-packed nets has reduced by 7% for the heavy netlist

primitive VTR benchmarks. In spite of the Yosys+Odin-II synthesizer that has not

changed the logic depth, Yosys increases it by 7% compared to the VTR baseline.

In terms of hard blocks, Yosys utilizes 7% more multiplier DSPs while the hard

memory usage decreases by 11%. Since hard memory blocks are explicitly declared

in benchmarks, we believe that less RAM hard block usage is caused by how Yosys

infers implicit memories based upon the configuration. That means the taken ap-
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proach results in more register usage instead of hard memory blocks. As the circuits’

areas are decreased, the CLB usage is reduced by 5%. The minimum routable chan-

nel width increases by 8%, while the total routed wire length is decreased by 7%.

In general, critical path delays are improved by 1%, whereas the stereovision2

benchmark achieved the maximum frequency enhancement, by 9%, among all VTR

benchmarks.

The VTR flow with Yosys synthesizer performs efficiently concerning the overall

VTR flow elapsed time. Comparing to Yosys+Odin that has an extra BLIF reading

process, the synthesis time is increased by 219%, roughly 12.53× greater than Odin-

II. The ABC runtime significantly improved, executing 31% faster than the VTR

baseline and 19% quicker than Yosys+Odin-II. At first glance, we could guess that

the ABC runtime reduction primarily results from fine-grained optimization passes

performed by Yosys. VPR takes less time to perform packing, placement and relaxed

channel width routing compared to the VTR baseline by 0.95×, 0.86×, and 0.61×,

respectively. Overall, the ABC optimization time reduction and shorter routing

time, along with the absence of an extra BLIF reading process result in about a

10% decrease in the VTR flow runtime using Yosys compared to Yosys+Odin-II.

Regarding memory consumption, VTR with Yosys ends up with 5% greater peak

memory than the VTR baseline and 8% higher than the VTR flow Yosys+Odin-II

synthesizer.

5.3 Yosys+Odin-II QoR in VTR (Adjusted DSP

Usage)

The third experiment is devised in order to evaluate the functionality of one of the

Odin-II partial mapper abilities to perform hard/soft logic trade-offs. Technically,

the third experiment configuration should force Yosys+Odin-II to infer at mini-
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mum half of multiplication operations as soft logic even if multiplier hard blocks are

available. Table 5.5 elaborates the results of the second experiment, assessing the

hard/soft logic trade-off decision capability of Yosys+Odin-II partial mapper. It is

worth mentioning that we again evaluate benchmarks with a minimum of 10K netlist

primitives. While the number of I/Os and hard memory blocks remain unchanged,

the rest of the synthesis criteria increase, apart from DSP usage and relaxed channel

width routing time. The results show that the partial mapper softens 57% of multi-

pliers, while the netlist pre-packed blocks and logic depth increase by 17% and 64%,

respectively. Technically, by exploding a portion of multiplication operations into

soft logic, such an area growth is expected. Regarding the logic depth, raygentop,

or1200, diffeq1 and diffeq2 achieve the most logic depth increase. Due to the

nature of these benchmarks that have either a chain of multipliers or large multipli-

cation operations, softening multiplier hard blocks increases the synthesized circuits’

depth considerably. As the result of netlist primitives increase, VTR uses 23% more

CLBs. While the routed wire length increases by 8%, the minimum routable channel

width remains unchanged for the heavy netlist primitive VTR benchmarks. Except

for the stereovision2 benchmark, using more soft logic results in the overall critical

path delay increase by 9%. Interestingly, the overhead of long routing paths in a

pure hard logic implementation overcomes the latency of soft logic performance for

the benchmark mentioned above. Therefore, utilizing soft logic implementation of a

minimum of 50% of multiplication operations causes shorter critical path delay for

the stereovision2 benchmark.

Figure 5.6 depicts the achieved percentage of DSP block reduction by the Yosys+Odin-

II partial mapping optimizer. The or1200 and spree have only one multiplication

hard block originally; therefore, they achieve 100% DSP reduction according to the

experiment configuration. Among the rest of the benchmarks, stereovision2, a

computer vision benchmark with extensive fixed-point multiplication, achieves the
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Figure 5.6: DSP Blocks Trade-off Percentage by Yosys+Odin-II Partial Mapper on
VTR Benchmarks. Only Benchmarks With DSP Blocks are Included.

highest DSP reduction by 77.48%. The substantial difference between the achieved

reduction and the configured ratio is mainly due to the VPR performance. While

Yosys+Odin-II generates exactly half the multiplier hard blocks for the stereovison2

benchmark, the ultimate DSP usage is dependent on how VPR performs packing of

small DSP slices to achieve desirable block utilization. As expected, the entire VTR

flow runtime increases due to the prolonged synthesis process and logic gate mapping

time. Overall, the VTR flow runtime extends by 1.17×, while the Yosys+Odin-II

synthesis time and ABC optimization time increases by 1.23× and 2.19×, respec-

tively. VPR takes a longer time to perform packing and placing by 1.44× and 1.53×.

Despite the inverse correlation between the routing efficiency and depth metrics [61],

the relaxed channel width route time is decreased by 16%. This is a proof of VTR

benchmarks RISC-style, showing that they lean on sequential logic that results in

longer routing paths even though complex block utilization is fully obtained. In

other words, due to the data feedback and overall clock rate bottleneck, some VTR

benchmarks show a lower frequency using a pure complex logic implementation. At

the same time, they need more time to be fully routed in the FPGA layout.
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VTR Baseline)

5.4 Frequency

Figure 5.7 depicts the VTR benchmarks’ frequency comparison synthesized by Odin-

II, Yosys, and Yosys+Odin-II. The Yosys+Odin-II synthesizer achieves the maximum

of 8% frequency improvement for spree, a soft microprocessor designed for a rapid

exploration environment [62]. However, it is less performant for the arm core soft

processor, achieving a 19% weakened frequency. More than 55% of VTR benchmarks

achieve a higher frequency or equal to the one obtained by the baseline, while the

rest have a decreased frequency. Overall, the frequency of VTR benchmarks with the

number of netlist primitives greater than 10K increases by 3.1%. According to the

nature of the benchmarks, we can conclude that the Yosys+Odin-II performs better

for large benchmarks with more fixed or floating-point multiplication operations,

such as mcml, LU32PEEng and bgm.

The stereovision2 benchmark achieves the highest frequency improvement, a 9%

increase, with the Yosys synthesizer compared to the VTR baseline. On the other
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hand, arm core obtains the highest frequency degradation among the heavy netlist

primitive VTR benchmarks, which is 6% less than the VTR baseline. Figure 5.7

shows the VTR flow with the Yosys front-end is frequency performant for mathe-

matical benchmarks, such as LU8PEEng and diffeq1. Overall, a 1% critical path

delay improvement is achieved by Yosys compared to the baseline.
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Chapter 6

Conclusions and Future Directions

We have developed a combination of two leading academic and industrial synthesiz-

ers. The Yosys+Odin-II supports the extensive Verilog 2005 standard provided by

Yosys as the front-end elaborator tool. Yosys is mainly responsible for elaborating

the HDL digital circuits and generating a coarse-grained netlist. As a constrained

technology packing estimator, the Odin-II partial mapper performs technology map-

ping of the coarse-grained netlist to the target device. By adding Yosys+Odin-II as

the front-end of the Verilog-to-Routing project, the VTR flow can now synthesize

more complex and commercial designs by having better language support alongside

the highly configurable partial mapper.

The Yosys+Odin-II implementation utilizes highly tuned CAD algorithms and opti-

mizations. While some unsupported operations have become available in the Odin-II

technology mapping flow, Yosys+Odin-II benefits from constant folding and practi-

cal logic reduction optimizations. The Odin-II technology mapping flow is equipped

with the instantiation of division and modulo operations, which were unsupported

previously. The partial support for exponentiation operation is also improved in the

Odin-II technology mapping flow. Detecting computationally-intensive operations,

such as division and multiplication, with at least one constant input and reducing
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them to basic arithmetic operations such as addition or shift is also added. The

signal pruning process for logic cells and memory blocks with useless input bits is

another feature of the Yosys+Odin-II technology mapper that can avoid the inference

of large unused memory blocks.

The control over the process to the user through runtime parameters to the intelligent

technology mapping is provided by the Yosys+Odin-II partial mapper. The Odin-II

partial mapper provides the optimization for hard/soft logic for a ratio of size. As

a result, the circuits synthesized by Yosys+Odin-II can utilize automated hard logic

decisions with architecture awareness. The optimizations provided by Yosys+Odin-

II resulted in a slight reduction, by 3%, in the device grid tiles, while it showed no

tangible impact on the logic depth of digital circuits. Overall, the Yosys+Odin-II

synthesizer generates more compact and smaller circuits than Odin-II, whereas the

VTR flow with the Yosys+Odin-II front-end outperforms in several aspects, such as

final CLB usage and overall routed wire lengths, especially in pure soft logic, such

as the FIR benchmarks presented in Appendix B.

The overall VTR flow runtime is decreased by 16%. Although the synthesis time is in-

creased substantially compared to the baseline, it still comprises a negligible portion

(2.02%) of the overall VTR flow runtime. The Yosys+Odin-II optimizations reduced

the ABC runtime by 14%, mainly accounting for the entire VTR flow runtime re-

duction. The VTR flow demonstrates more efficient results using Yosys+Odin-II

as its front-end regarding placement and routing times. By having more compact

generated circuits, the VTR place and routing times are reduced by 12%, and 22%,

respectively. However, the VPR pack time increases by 7%.
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Figure 6.1: Odin-II Plugin Integration for Yosys.

6.1 Future Work

In terms of future work, experiments with more industrial digital circuits such as the

Titan benchmarks [63] may yield interesting results. Potential development in the

proof of concept integration is to perform experiments with multiple device fabrics.

A different layout will affect the number of available hard blocks that could introduce

pure hard/soft logic evaluation of the proposed synthesizer. Additionally, different

device fabrics would alter the placeability of digital circuits, resulting in distinct

Yosys+Odin-II reactions.

The taken approach is the initial implementation of the proposed idea, operating on

available discrete components and augmenting the flow by deciding whether or not

to explode particular discrete logic into gates. We plan to extract the Odin-II partial

mapper and adjoin it as a plugin to the Yosys codebase, as shown in Figure 6.1. The

Odin-II plugin will be similar to that of ABC, having Odin-II consume an interchange

format, a BLIF in this case. The approach will be to add support for user-created

RTL technology mapping files to be used by Odin-II. These files outline different

discrete logic constructions based on other RTL technology and/or gate-level logic.

Using RTL technology mapping files will allow conforming to the current Yosys
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methods and allow both tools to gain this extensibility. The plugin will only operate

on a single discrete logic block at a time, iteratively mapping all of them. This, in

turn, will allow discrete logic to be described from other discrete logic and propose

new approaches to build the digital circuits.
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Micro Benchmarks

70



B
en

ch
m

a
rk

N
et

li
st

P
ri

m
it

iv
es

C
lo

ck
s

L
o
g
ic

D
ep

th
I/

O
s

C
L

B
s

D
S
P

s
R

A
M

s
W

m
in

R
o
u
te

d
W

ir
el

en
g
th

(1
.3

W
m
in

)
R

o
u
te

d
C

P
D

(1
.3

W
m
in

)
S
y
n
th

T
im

e
(Y

o
sy

s+
O

d
in

-I
I)

)
A

B
C

T
im

e
P

a
ck

T
im

e
P

la
ce

T
im

e
R

o
u
te

T
im

e
(F

in
d
W

m
in

)
V

T
R

F
lo

w
E

la
p
se

d
T

im
e

P
ea

k
M

em
o
ry

b
m

ex
p
r

a
ll

m
o
d

1
,7

2
1
.0

0
(1
.0

0
×

)
1
.0

0
5
.0

0
(1
.0

0
×

)
1
6
2
.0

0
(1
.0

0
×

)
1
6
7
.0

0
(0
.9

9
×

)
5
2
.0

0
(1
.0

4
×

)
1
0
,9

2
4
.0

0
(1
.0

1
×

)
4
.4

9
(1
.0

7
×

)
0
.1

6
(8
.0

0
×

)
0
.1

1
(1
.1

0
×

)
0
.6

1
(1
.0

0
×

)
1
.3

3
(1
.0

4
×

)
7
.6

2
(1
.0

4
×

)
1
3
.5

9
(1
.0

7
×

)
0
.0

6
(1
.0

0
×

)
b
m

a
ri

th
m

et
ic

u
n
u
se

d
b
it

s
1
,1

7
5
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
6
0
9
.0

0
(1
.0

0
×

)
1
6
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
4
8
.0

0
(1
.0

0
×

)
6
,9

3
8
.0

0
(0
.9

0
×

)
5
.1

1
(0
.9

5
×

)
0
.0

8
(4
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.1

6
(1
.0

0
×

)
0
.8

1
(1
.0

5
×

)
6
.3

0
(1
.0

8
×

)
1
1
.0

7
(1
.0

7
×

)
0
.0

6
(1
.0

0
×

)
b
m

lp
m

a
ll

7
3
9
.0

0
(1
.0

0
×

)
5
.0

0
(1
.0

0
×

)
6
4
.0

0
(1
.0

0
×

)
2
4
.0

0
(1
.0

0
×

)
4
6
.0

0
(1
.0

0
×

)
6
,7

7
7
.0

0
(1
.0

7
×

)
4
.9

1
(1
.0

9
×

)
0
.0

6
(6
.0

0
×

)
0
.2

6
(1
.0

8
×

)
0
.5

6
(1
.0

6
×

)
0
.3

1
(1
.1

1
×

)
1
.6

8
(0
.8

2
×

)
3
.8

6
(0
.9

5
×

)
0
.0

4
(1
.0

0
×

)
b
m

m
a
tc

h
4

st
r

a
rc

h
4
5
5
.0

0
(0
.8

3
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
5
2
.0

0
(1
.0

0
×

)
8
.0

0
(0
.0

8
×

)
2
.0

0
(1
.0

0
×

)
5
8
.0

0
(1
.1

2
×

)
4
,8

4
0
.0

0
(1
.6

3
×

)
7
.0

9
(1
.0

2
×

)
0
.0

5
(5
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

9
(1
.0

0
×

)
0
.1

9
(0
.5

9
×

)
1
.5

2
(0
.7

1
×

)
2
.6

8
(0
.7

3
×

)
0
.0

3
(0
.9

2
×

)
b
m

m
a
tc

h
5

st
r

a
rc

h
3
2
1
.0

0
(0
.9

4
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
9
1
.0

0
(1
.0

0
×

)
1
5
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
4
4
.0

0
(0
.9

6
×

)
3
,8

7
5
.0

0
(0
.9

6
×

)
1
0
.1

5
(0
.9

4
×

)
0
.0

5
(5
.0

0
×

)
0
.0

1
(0
.5

0
×

)
0
.0

7
(1
.4

0
×

)
0
.1

4
(0
.9

3
×

)
2
.6

1
(0
.7

3
×

)
4
.1

8
(0
.8

1
×

)
0
.0

4
(0
.9

9
×

)
b
m

lp
m

co
n
ca

t
3
1
2
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
4
8
.0

0
(1
.0

0
×

)
3
6
.0

0
(1
.0

0
×

)
2
2
.0

0
(1
.0

0
×

)
1
,3

6
5
.0

0
(1
.0

0
×

)
1
.1

6
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.1

6
(1
.0

0
×

)
1
.9

8
(1
.0

6
×

)
2
.8

4
(1
.0

6
×

)
0
.0

3
(1
.0

0
×

)
b
m

m
a
tc

h
1

st
r

a
rc

h
3
0
8
.0

0
(0
.9

9
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
8
9
.0

0
(1
.0

0
×

)
4
.0

0
(0
.5

0
×

)
3
.0

0
(1
.0

0
×

)
3
6
.0

0
(1
.0

0
×

)
4
,1

0
8
.0

0
(1
.0

2
×

)
5
.2

5
(0
.9

7
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
0
.0

3
(1
.0

0
×

)
0
.1

4
(1
.0

0
×

)
1
.5

1
(0
.9

8
×

)
2
.7

3
(1
.0

0
×

)
0
.0

3
(0
.9

9
×

)
b
m

m
a
tc

h
2

st
r

a
rc

h
3
0
0
.0

0
(0
.7

6
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
5
5
.0

0
(1
.0

0
×

)
1
5
.0

0
(0
.8

3
×

)
2
.0

0
(1
.0

0
×

)
4
6
.0

0
(0
.8

2
×

)
3
,3

2
5
.0

0
(0
.7

0
×

)
8
.2

3
(0
.9

3
×

)
0
.0

5
(5
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

9
(1
.2

9
×

)
0
.1

3
(0
.8

1
×

)
1
.3

7
(0
.6

7
×

)
2
.3

4
(0
.7

6
×

)
0
.0

3
(0
.9

6
×

)
b
m

fu
n
ct

io
n
a
l

te
st

2
7
3
.0

0
(0
.9

9
×

)
1
.0

0
4
.0

0
(1
.0

0
×

)
3
4
.0

0
(1
.0

0
×

)
2
6
.0

0
(0
.9

6
×

)
2
.0

0
(1
.0

0
×

)
3
6
.0

0
(1
.0

0
×

)
2
,2

3
8
.0

0
(0
.9

6
×

)
5
.9

3
(0
.9

9
×

)
0
.0

9
(9
.0

0
×

)
0
.0

8
(1
.1

4
×

)
0
.1

9
(0
.7

0
×

)
0
.1

1
(1
.1

0
×

)
0
.7

5
(0
.9

3
×

)
1
.8

6
(0
.9

8
×

)
0
.0

3
(1
.0

0
×

)
b
m

m
a
tc

h
3

st
r

a
rc

h
2
2
4
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
5
5
.0

0
(1
.0

0
×

)
1
3
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
3
6
.0

0
(1
.0

0
×

)
1
,1

7
9
.0

0
(0
.8

8
×

)
4
.8

4
(1
.0

1
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.0

7
(1
.0

0
×

)
0
.3

9
(0
.9

1
×

)
0
.9

8
(1
.0

2
×

)
0
.0

3
(0
.9

9
×

)
b
m

b
a
se

m
u
lt

ip
ly

2
1
7
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
4
8
.0

0
(1
.0

0
×

)
1
2
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
4
2
.0

0
(1
.1

7
×

)
2
,1

4
5
.0

0
(1
.0

6
×

)
4
.4

0
(1
.0

0
×

)
0
.0

6
(6
.0

0
×

)
0
.0

1
(0
.5

0
×

)
0
.0

3
(1
.5

0
×

)
0
.0

8
(1
.0

0
×

)
1
.5

6
(1
.3

2
×

)
2
.7

3
(1
.2

2
×

)
0
.0

3
(1
.0

0
×

)
b
m

m
a
tc

h
6

st
r

a
rc

h
2
0
6
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
5
5
.0

0
(1
.0

0
×

)
1
1
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
3
6
.0

0
(0
.8

6
×

)
1
,5

4
4
.0

0
(1
.0

5
×

)
5
.5

7
(1
.0

0
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.0

8
(1
.0

0
×

)
0
.7

3
(1
.1

1
×

)
1
.4

6
(1
.0

7
×

)
0
.0

3
(1
.0

0
×

)
b
m

m
o
d

1
6
6
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
6
7
.0

0
(1
.0

0
×

)
3
3
.0

0
(1
.0

0
×

)
3
6
.0

0
(0
.9

5
×

)
6
9
2
.0

0
(1
.0

4
×

)
0
.8

9
(0
.9

6
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
0
.0

2
(1
.0

0
×

)
0
.0

4
(1
.0

0
×

)
0
.3

2
(1
.0

3
×

)
0
.8

7
(1
.0

7
×

)
0
.0

3
(1
.0

0
×

)
b
m

a
n
d

lo
g

1
2
8
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
6
4
.0

0
(1
.0

0
×

)
3
2
.0

0
(1
.0

0
×

)
3
4
.0

0
(1
.0

0
×

)
6
5
5
.0

0
(1
.0

0
×

)
1
.4

7
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.3

0
(1
.0

3
×

)
0
.8

2
(1
.0

4
×

)
0
.0

3
(1
.0

0
×

)
g
en

er
a
te

8
5
.0

0
(1
.2

1
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
3
0
.0

0
(0
.9

4
×

)
1
9
7
.0

0
(0
.9

2
×

)
2
.1

1
(0
.9

8
×

)
0
.0

3
(3
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

8
(0
.8

9
×

)
0
.4

0
(1
.1

1
×

)
0
.0

3
(1
.0

1
×

)
b
m

d
a
g
3

lp
m

m
o
d

8
2
.0

0
(0
.8

9
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
1
0
.0

0
(3
.3

3
×

)
2
0
.0

0
(1
.2

5
×

)
1
4
0
.0

0
(1
.4

7
×

)
3
.2

1
(1
.1

9
×

)
0
.0

5
(5
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

5
(1
.2

5
×

)
0
.0

1
(1
.0

0
×

)
0
.0

6
(2
.0

0
×

)
0
.4

5
(1
.3

6
×

)
0
.0

3
(1
.0

2
×

)
b
m

st
m

t
a
ll

m
o
d

5
8
.0

0
(0
.9

8
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
6
.0

0
(1
.0

0
×

)
1
4
.0

0
(1
.0

0
×

)
2
0
.0

0
(0
.6

7
×

)
9
9
.0

0
(0
.7

3
×

)
0
.9

1
(1
.0

1
×

)
0
.0

5
(5
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.1

0
(0
.8

3
×

)
0
.4

9
(1
.0

7
×

)
0
.0

3
(1
.0

0
×

)
b
m

D
L

7
4
3
8
1

A
L

U
5
2
.0

0
(1
.0

6
×

)
2
.0

0
(1
.0

0
×

)
1
1
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
6
1
.0

0
(0
.5

6
×

)
3
.9

5
(1
.5

3
×

)
0
.0

4
(4
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

2
(0
.6

7
×

)
0
.3

5
(1
.2

1
×

)
0
.0

3
(0
.9

8
×

)
p
a
ra

m
ov

er
ri

d
e

4
7
.0

0
(0
.8

0
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
8
.0

0
(4
.0

0
×

)
1
.0

0
(1
.0

0
×

)
1
8
.0

0
(0
.8

2
×

)
1
9
2
.0

0
(0
.5

9
×

)
6
.0

0
(0
.9

7
×

)
0
.0

5
(5
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

5
(1
.3

2
×

)
0
.6

8
(1
.1

7
×

)
0
.0

3
(1
.0

0
×

)
b
m

d
a
g
3

lp
m

lo
g

m
o
d

4
7
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
1
8
.0

0
(1
.0

0
×

)
3
8
.0

0
(0
.9

7
×

)
2
.3

6
(0
.9

8
×

)
0
.0

5
(5
.0

0
×

)
0
.0

6
(6
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.3

6
(1
.3

8
×

)
0
.0

3
(1
.0

0
×

)
p
a
ra

m
et

er
4
3
.0

0
(0
.7

4
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
9
.0

0
(4
.5

0
×

)
1
6
.0

0
(0
.5

3
×

)
1
6
4
.0

0
(1
.2

7
×

)
1
.8

4
(1
.0

4
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.1

0
(2
.0

0
×

)
0
.4

1
(1
.3

7
×

)
0
.0

3
(1
.0

1
×

)
p
a
ra

m
et

er
2

4
3
.0

0
(0
.7

4
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
9
.0

0
(4
.5

0
×

)
1
6
.0

0
(0
.5

3
×

)
1
6
4
.0

0
(1
.2

7
×

)
1
.8

4
(1
.0

4
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.1

0
(2
.0

0
×

)
0
.4

2
(1
.4

0
×

)
0
.0

3
(1
.0

2
×

)
b
m

D
L

B
C

D
a
d
d
er

4
2
.0

0
(0
.9

5
×

)
1
.0

0
(1
.0

0
×

)
9
.0

0
(1
.0

0
×

)
3
.0

0
(1
.5

0
×

)
2
0
.0

0
(0
.7

7
×

)
1
4
2
.0

0
(1
.1

9
×

)
4
.4

0
(1
.1

2
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(0
.5

0
×

)
0
.0

1
(0
.5

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

4
(1
.3

3
×

)
0
.3

4
(1
.1

7
×

)
0
.0

3
(1
.0

1
×

)
b
m

st
m

t
co

m
p
a
re

p
a
d
d
in

g
4
0
.0

0
(0
.9

8
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
6
.0

0
(1
.0

0
×

)
9
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
8
6
.0

0
(1
.3

2
×

)
0
.9

0
(1
.0

0
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

5
(1
.0

0
×

)
0
.3

8
(1
.1

5
×

)
0
.0

3
(1
.0

0
×

)
b
m

D
L

4
1
6

en
co

d
er

3
7
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
5
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
5
6
.0

0
(1
.0

0
×

)
9
5
.0

0
(1
.0

0
×

)
1
.0

2
(1
.0

0
×

)
0
.0

4
(4
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

5
(1
.2

5
×

)
0
.3

3
(1
.1

8
×

)
0
.0

3
(1
.0

1
×

)
b
m

d
a
g
1

m
o
d

3
6
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
2
0
.0

0
(0
.6

9
×

)
0
.6

8
(0
.9

6
×

)
0
.0

5
(5
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.3

2
(1
.1

9
×

)
0
.0

3
(0
.9

9
×

)
b
m

d
a
g
4

m
o
d

3
6
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
2
0
.0

0
(0
.6

9
×

)
0
.6

8
(0
.9

6
×

)
0
.0

5
(5
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.3

2
(1
.1

9
×

)
0
.0

3
(1
.0

0
×

)
b
m

d
a
g
3

lo
g

m
o
d

3
6
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
1
0
.0

0
(1
.0

0
×

)
3
6
.0

0
(1
.0

0
×

)
1
.1

4
(1
.0

0
×

)
0
.0

5
(5
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.3

3
(1
.2

2
×

)
0
.0

3
(0
.9

9
×

)
b
m

d
a
g
3

m
o
d

3
5
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
5
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
1
5
.0

0
(1
.0

0
×

)
0
.7

6
(1
.0

0
×

)
0
.0

6
(6
.0

0
×

)
0
.0

1
0
.0

1
(1
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.3

4
(1
.2

6
×

)
0
.0

3
(1
.0

0
×

)
if

g
en

er
a
te

3
2
.0

0
(1
.0

0
×

)
1
6
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
n
a
n

0
.0

4
(4
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

7
(1
.0

0
×

)
0
.3

9
(1
.1

1
×

)
0
.0

3
(0
.9

9
×

)
ca

se
g
en

er
a
te

3
2
.0

0
(1
.0

0
×

)
1
6
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
n
a
n

0
.0

4
(4
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

7
(1
.0

0
×

)
0
.4

1
(1
.1

7
×

)
0
.0

3
(1
.0

0
×

)
b
m

d
a
g
3

lp
m

3
1
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
6
.0

0
(3
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
1
0
0
.0

0
(3
.5

7
×

)
4
.9

6
(1
.2

4
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.0

1
0
.0

3
(1
.5

0
×

)
0
.3

2
(1
.2

8
×

)
0
.0

3
(1
.0

2
×

)
b
m

d
a
g
1

lo
g

m
o
d

2
9
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
1
0
.0

0
(1
.0

0
×

)
3
0
.0

0
(0
.8

3
×

)
1
.1

1
(0
.9

8
×

)
0
.0

5
(5
.0

0
×

)
0
.0

1
0
.0

1
(1
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.3

2
(1
.2

3
×

)
0
.0

3
(1
.0

0
×

)
b
m

d
a
g
1

lp
m

2
7
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
3
.0

0
(3
.0

0
×

)
1
4
.0

0
(0
.5

4
×

)
7
1
.0

0
(2
.4

5
×

)
3
.0

8
(0
.8

7
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.3

0
(1
.3

6
×

)
0
.0

3
(1
.0

2
×

)
b
m

D
L

1
6

1
m

u
x

2
7
.0

0
(0
.9

6
×

)
3
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
1
8
.0

0
(0
.9

0
×

)
2
9
.0

0
(1
.2

1
×

)
1
.5

6
(0
.7

9
×

)
0
.0

4
(4
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

7
(1
.1

7
×

)
0
.0

3
(1
.0

1
×

)
b
m

if
co

m
m

o
n

2
6
.0

0
(0
.8

7
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
8
.0

0
(1
.0

0
×

)
6
2
.0

0
(1
.0

3
×

)
(1
.0

0
×

)
0
.0

4
(4
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

7
(1
.1

7
×

)
0
.0

3
(0
.9

9
×

)
•∗

b
m

if
co

ll
a
p
se

2
6
.0

0
(0
.8

7
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
8
.0

0
(0
.7

4
×

)
5
0
.0

0
(1
.4

7
×

)
0
.0

4
(4
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

8
(1
.1

7
×

)
0
.0

3
(1
.0

0
×

)
∗

b
m

d
a
g
2

m
o
d

2
4
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
3
1
.0

0
(1
.0

7
×

)
0
.7

2
(1
.0

2
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
0
.0

3
(1
.0

0
×

)
0
.3

0
(1
.1

5
×

)
0
.0

3
(1
.0

0
×

)
b
m

d
a
g
2

lo
g

m
o
d

2
4
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
3
1
.0

0
(1
.0

7
×

)
0
.7

2
(1
.0

2
×

)
0
.0

4
(4
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.3

1
(1
.1

9
×

)
0
.0

3
(0
.9

9
×

)
b
m

D
L

fo
u
r

b
it

a
d
d
er

co
n
ti

n
u
o
u
s

a
ss

ig
n

2
0
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
9
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
3
2
.0

0
(1
.0

0
×

)
3
4
.0

0
(1
.0

0
×

)
1
.8

2
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.2

6
(1
.1

3
×

)
0
.0

3
(0
.9

9
×

)
b
m

d
a
g
2

lp
m

1
9
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
2
.0

0
(2
.0

0
×

)
1
2
.0

0
(0
.4

6
×

)
4
2
.0

0
(1
.2

7
×

)
3
.4

0
(0
.9

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
0
.0

1
(1
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.2

7
(1
.2

9
×

)
0
.0

3
(1
.0

0
×

)
b
m

D
L

4
b
it

sh
if

t
re

g
is

te
r

1
9
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
6
.0

0
(1
.0

0
×

)
5
6
.0

0
(1
.0

0
×

)
0
.7

6
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(0
.5

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

6
(1
.1

3
×

)
0
.0

3
(1
.0

1
×

)
a
d
d
er

h
a
rd

b
lo

ck
1
8
.0

0
(1
.2

9
×

)
1
.0

0
(1
.0

0
×

)
5
.0

0
(1
.0

0
×

)
2
.0

0
(2
.0

0
×

)
1
2
.0

0
5
0
.0

0
2
.7

6
0
.0

3
(3
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
0
.0

2
(1
.0

0
×

)
0
.2

7
(1
.8

0
×

)
0
.0

3
(0
.9

2
×

)
◦

b
m

D
L

B
C

D
7

se
g
m

en
t

w
it

h
o
u
t

x
1
8
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
3
2
.0

0
(1
.0

0
×

)
7
6
.0

0
(1
.0

0
×

)
1
.4

0
(1
.0

0
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
(0
.5

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.2

9
(1
.2

1
×

)
0
.0

3
(1
.0

1
×

)
b
m

te
st

er
1
7
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
5
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
3
4
.0

0
(0
.9

2
×

)
0
.9

1
(1
.0

7
×

)
0
.0

4
(4
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.3

1
(1
.1

5
×

)
0
.0

3
(0
.9

9
×

)
b
m

if
re

se
t

1
7
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
8
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
8
.0

0
(1
.0

0
×

)
2
9
.0

0
(1
.0

0
×

)
(1
.0

0
×

)
0
.0

4
(4
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

7
(1
.2

3
×

)
0
.0

3
(1
.0

1
×

)
•∗

b
m

D
L

4
b
it

co
m

p
a
ra

to
r

1
6
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
8
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
6
.0

0
(1
.0

0
×

)
4
3
.0

0
(1
.0

0
×

)
1
.6

1
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

6
(1
.1

3
×

)
0
.0

3
(1
.0

0
×

)
b
m

D
L

b
eh

av
io

u
ra

l
fu

ll
a
d
d
er

1
3
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
2
.0

0
(2
.0

0
×

)
1
2
.0

0
(0
.4

6
×

)
1
7
.0

0
(0
.8

1
×

)
2
.0

6
(0
.6

8
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
0
.0

1
(1
.0

0
×

)
0
.2

6
(1
.2

4
×

)
0
.0

3
(1
.0

0
×

)
b
m

a
d
d

lp
m

1
1
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
1
8
.0

0
(0
.6

9
×

)
2
8
.0

0
(0
.9

7
×

)
1
.5

8
(0
.6

7
×

)
0
.0

2
(2
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

3
(1
.1

0
×

)
0
.0

3
(1
.0

1
×

)
b
m

D
L

2
4

en
co

d
er

1
1
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
8
.0

0
(1
.0

0
×

)
3
2
.0

0
(1
.0

0
×

)
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

6
(1
.1

3
×

)
0
.0

3
(1
.0

1
×

)
•∗

b
m

D
L

lo
g
ic

w
D

ff
1
0
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
8
.0

0
(1
.0

0
×

)
1
.7

6
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

4
(1
.1

4
×

)
0
.0

3
(1
.0

0
×

)
b
m

D
L

lo
g
ic

w
D

ff
2

1
0
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
8
.0

0
(1
.0

0
×

)
1
.7

6
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

3
(1
.1

0
×

)
0
.0

3
(1
.0

1
×

)
b
m

D
L

st
ru

ct
u
ra

l
lo

g
ic

2
1
0
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
8
.0

0
(1
.0

0
×

)
3
1
.0

0
(1
.0

0
×

)
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

4
(1
.1

4
×

)
0
.0

3
(1
.0

0
×

)
•∗

b
m

d
a
g
1

lo
g

8
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
2
5
.0

0
(1
.0

0
×

)
1
.0

9
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.2

6
(1
.1

3
×

)
0
.0

3
(1
.0

0
×

)
b
m

d
a
g
2

lo
g

8
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
2
1
.0

0
(1
.0

0
×

)
1
.0

6
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
0
.0

1
(1
.0

0
×

)
0
.2

6
(1
.1

8
×

)
0
.0

3
(1
.0

0
×

)
b
m

D
L

4
1

m
u
x

8
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
6
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
1
0
.0

0
(1
.0

0
×

)
1
4
.0

0
(1
.0

0
×

)
0
.8

9
(1
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.0

1
(0
.5

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

5
(1
.1

4
×

)
0
.0

3
(1
.0

0
×

)
b
m

D
L

D
ff

w
sy

n
ch

re
se

t
6
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
6
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
1
.6

8
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

4
(1
.0

9
×

)
0
.0

3
(1
.0

0
×

)
b
m

D
L

2
ca

sc
a
d
ed

fl
ip

fl
o
p
s

6
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
6
.0

0
(1
.0

0
×

)
5
5
.0

0
(1
.0

0
×

)
0
.5

5
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
0
.0

1
(1
.0

0
×

)
0
.2

3
(1
.1

0
×

)
0
.0

3
(1
.0

1
×

)
b
m

D
L

2
1

m
u
x

5
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
6
.0

0
(1
.0

0
×

)
6
.0

0
(1
.0

0
×

)
1
.7

9
(1
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

5
(1
.1

4
×

)
0
.0

3
(0
.9

9
×

)
b
m

D
L

st
ru

ct
u
ra

l
lo

g
ic

5
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
6
.0

0
(1
.0

0
×

)
6
.0

0
(1
.0

0
×

)
1
.7

9
(1
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

3
(1
.1

0
×

)
0
.0

3
(0
.9

9
×

)
b
m

d
a
g
3

lo
g

4
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
n
a
n

0
.0

3
(3
.0

0
×

)
0
.0

1
0
.0

1
(1
.0

0
×

)
0
.2

5
(1
.1

4
×

)
0
.0

3
(1
.0

0
×

)
b
m

m
y

D
la

tc
h
1

4
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
1
0
.0

0
(1
.0

0
×

)
2
.1

7
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

3
(1
.1

0
×

)
0
.0

3
(0
.9

9
×

)
b
m

d
a
g
3

lp
m

lo
g

4
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
n
a
n

0
.0

3
(3
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

5
(1
.1

4
×

)
0
.0

3
(0
.9

9
×

)
b
m

D
L

D
fl
ip

fl
o
p

4
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
1
0
.0

0
(1
.0

0
×

)
0
.6

8
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

3
(1
.1

5
×

)
0
.0

3
(1
.0

1
×

)
b
m

m
y

D
la

tc
h
2

2
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
1
4
.0

0
(1
.0

0
×

)
9
.0

0
(1
.0

0
×

)
0
.2

1
(1
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

3
(1
.1

5
×

)
0
.0

3
(1
.0

2
×

)
G

E
O

M
E

A
N

3
3
.9

7
(0
.9

8
×

)
1
.1

3
(1
.0

0
×

)
9
.0

1
(1
.0

0
×

)
3
.5

1
(1
.1

1
×

)
2
.1

7
(1
.0

0
×

)
2
0
.2

7
(0
.9

2
×

)
9
3
.9

3
(1
.0

3
×

)
1
.8

8
(0
.9

9
×

)
0
.0

4
(3
.6

8
×

)
0
.0

1
(0
.9

5
×

)
0
.0

2
(1
.1

0
×

)
0
.0

4
(0
.9

8
×

)
0
.0

5
(1
.0

8
×

)
0
.4

7
(1
.1

4
×

)
0
.0

3
(1
.0

0
×

)
G

E
O

M
E

A
N

(>
1
0
0
)

3
4
6
.9

0
(0
.9

6
×

)
1
.3

9
(1
.0

0
×

)
7
4
.0

3
(1
.0

0
×

)
1
8
.9

7
(0
.7

8
×

)
2
.3

6
(1
.0

0
×

)
3
9
.8

7
(0
.9

9
×

)
2
,6

1
8
.2

4
(1
.0

0
×

)
4
.1

0
(0
.9

9
×

)
0
.0

5
(4
.6

5
×

)
0
.0

2
(0
.9

1
×

)
0
.0

7
(1
.0

5
×

)
0
.1

4
(0
.9

6
×

)
1
.3

1
(0
.9

4
×

)
2
.5

9
(0
.9

8
×

)
0
.0

3
(0
.9

9
×

)
%

T
O

T
A

L
(>

1
0
0
)

1
.5

6
%

1
.1

2
%

3
.7

5
%

6
.9

6
%

5
5
.0

7
%

1
0
0
.0

0
%

R
u
n
ti

m
e

in
S
e
c
o
n
d
s,

M
e
m

o
ry

in
G

iB
,

W
L

in
g
ri

d
ti

le
s,

a
n
d

C
P

D
in

n
s.

◦
V

P
R

fa
il
e
d

to
ro

u
te

in
th

e
V

T
R

b
a
se

li
n
e

•
V

P
R

fa
il
e
d

to
im

p
le

m
e
n
t

a
n

u
n
ro

u
ta

b
le

c
ir

c
u
it

w
it

h
a

sp
e
c
ifi

c
c
h
a
n
n
e
l

w
id

th
fa

c
to

r
in

th
e

V
T

R
B

a
se

li
n
e

∗
V

P
R

fa
il
e
d

to
im

p
le

m
e
n
t

a
n

u
n
ro

u
ta

b
le

c
ir

c
u
it

w
it

h
a

sp
e
c
ifi

c
c
h
a
n
n
e
l

w
id

th
fa

c
to

r
in

th
e

V
T

R
fl

o
w

w
it

h
Y

o
sy

s+
O

d
in

-I
I

T
ab

le
A

.1
:

M
ic

ro
B

en
ch

m
ar

k
s

u
si

n
g

Y
os

y
s+

O
d
in

-I
I

F
ro

n
t-

en
d

in
th

e
V

T
R

F
lo

w
(R

el
at

iv
e

to
th

e
V

T
R

B
as

el
in

e)

71



B
en

ch
m

a
rk

N
et

li
st

P
ri

m
it

iv
es

C
lo

ck
s

L
o
g
ic

D
ep

th
I/

O
s

C
L

B
s

D
S

P
s

R
A

M
s

W
m
in

R
o
u

te
d

W
ir

el
en

g
th

(1
.3

W
m
in

)
R

o
u

te
d

C
P

D
(1

.3
W

m
in

)
S

y
n
th

T
im

e
(Y

o
sy

s+
O

d
in

-I
I)

)
A

B
C

T
im

e
P

a
ck

T
im

e
P

la
ce

T
im

e
R

o
u

te
T

im
e

(F
in

d
W

m
in

)
V

T
R

F
lo

w
E

la
p

se
d

T
im

e
P

ea
k

M
em

o
ry

b
m

ex
p

r
a
ll

m
o
d

1
,6

7
1
.0

0
(0
.9

7
×

)
1
.0

0
7
.0

0
(1
.4

0
×

)
1
6
2
.0

0
(1
.0

0
×

)
1
6
6
.0

0
(0
.9

8
×

)
4
8
.0

0
(0
.9

6
×

)
1
1
,0

9
1
.0

0
(1
.0

3
×

)
4
.2

1
(1
.0

0
×

)
0
.4

8
(2

4
.0

0
×

)
0
.0

8
(0
.8

0
×

)
0
.5

3
(0
.8

7
×

)
1
.2

9
(1
.0

1
×

)
7
.7

5
(1
.0

6
×

)
1
3
.7

0
(1
.0

7
×

)
0
.0

6
(1
.0

0
×

)
b

m
m

a
tc

h
1

st
r

a
rc

h
1
,1

9
1
.0

0
(3
.8

2
×

)
1
.0

0
1
4
.0

0
(1

4
.0

0
×

)
8
9
.0

0
(1
.0

0
×

)
8
3
.0

0
(1

0
.3

8
×

)
2
.0

0
(0
.6

7
×

)
5
2
.0

0
(1
.4

4
×

)
9
,7

2
2
.0

0
(2
.4

2
×

)
9
.0

2
(1
.6

7
×

)
0
.3

9
(3

9
.0

0
×

)
0
.6

9
0
.6

0
(2

0
.0

0
×

)
0
.5

6
(4
.0

0
×

)
2
.3

1
(1
.5

0
×

)
6
.1

2
(2
.2

5
×

)
0
.0

4
(1
.2

5
×

)
b

m
a
ri

th
m

et
ic

u
n
u

se
d

b
it

s
1
,1

7
1
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
6
0
9
.0

0
(1
.0

0
×

)
1
7
.0

0
(1
.0

6
×

)
4
.0

0
(1
.0

0
×

)
4
6
.0

0
(0
.9

6
×

)
7
,3

3
7
.0

0
(0
.9

5
×

)
5
.1

9
(0
.9

7
×

)
0
.1

6
(8
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.1

6
(1
.0

0
×

)
0
.7

7
(1
.0

0
×

)
6
.2

2
(1
.0

6
×

)
1
1
.0

2
(1
.0

7
×

)
0
.0

6
(1
.0

0
×

)
b

m
lp

m
a
ll

5
6
2
.0

0
(0
.7

6
×

)
4
.0

0
(0
.8

0
×

)
6
4
.0

0
(1
.0

0
×

)
1
8
.0

0
(0
.7

5
×

)
4
8
.0

0
(1
.0

4
×

)
3
,9

4
7
.0

0
(0
.6

2
×

)
3
.5

3
(0
.7

8
×

)
0
.2

2
(2

2
.0

0
×

)
0
.1

3
(0
.5

4
×

)
0
.5

0
(0
.9

4
×

)
0
.1

9
(0
.6

8
×

)
1
.4

2
(0
.6

9
×

)
3
.2

0
(0
.7

9
×

)
0
.0

3
(0
.9

1
×

)
b

m
m

a
tc

h
4

st
r

a
rc

h
4
2
5
.0

0
(0
.7

7
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
5
2
.0

0
(1
.0

0
×

)
1
1
7
.0

0
(1
.1

4
×

)
3
.0

0
(1
.5

0
×

)
4
0
.0

0
(0
.7

7
×

)
2
,1

7
1
.0

0
(0
.7

3
×

)
7
.1

3
(1
.0

2
×

)
0
.0

8
(8
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.0

8
(0
.8

9
×

)
0
.2

6
(0
.8

1
×

)
1
.4

5
(0
.6

7
×

)
3
.0

2
(0
.8

2
×

)
0
.0

4
(1
.0

2
×

)
b

m
lp

m
co

n
ca

t
3
1
2
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
4
8
.0

0
(1
.0

0
×

)
3
6
.0

0
(1
.0

0
×

)
2
2
.0

0
(1
.0

0
×

)
1
,3

6
5
.0

0
(1
.0

0
×

)
1
.1

6
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.1

6
(1
.0

0
×

)
1
.9

4
(1
.0

4
×

)
2
.7

9
(1
.0

4
×

)
0
.0

3
(0
.9

9
×

)
b

m
m

a
tc

h
5

st
r

a
rc

h
3
0
6
.0

0
(0
.9

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
9
1
.0

0
(1
.0

0
×

)
1
5
.0

0
(1
.0

0
×

)
6
.0

0
(1
.5

0
×

)
4
0
.0

0
(0
.8

7
×

)
4
,0

7
2
.0

0
(1
.0

0
×

)
1
1
.0

0
(1
.0

2
×

)
0
.0

9
(9
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

7
(1
.4

0
×

)
0
.2

1
(1
.4

0
×

)
2
.1

8
(0
.6

1
×

)
3
.8

7
(0
.7

5
×

)
0
.0

4
(1
.0

2
×

)
b

m
fu

n
ct

io
n

a
l

te
st

2
8
7
.0

0
(1
.0

4
×

)
1
.0

0
4
.0

0
(1
.0

0
×

)
3
4
.0

0
(1
.0

0
×

)
2
7
.0

0
(1
.0

0
×

)
1
.0

0
(0
.5

0
×

)
4
2
.0

0
(1
.1

7
×

)
2
,1

3
0
.0

0
(0
.9

1
×

)
8
.6

1
(1
.4

4
×

)
0
.1

9
(1

9
.0

0
×

)
0
.0

7
(1
.0

0
×

)
0
.2

6
(0
.9

6
×

)
0
.1

2
(1
.2

0
×

)
0
.7

4
(0
.9

1
×

)
1
.9

4
(1
.0

3
×

)
0
.0

3
(0
.9

9
×

)
b

m
b

a
se

m
u

lt
ip

ly
2
6
9
.0

0
(1
.2

5
×

)
1
.0

0
6
.0

0
(6
.0

0
×

)
3
2
.0

0
(0
.6

7
×

)
2
2
.0

0
(1
.8

3
×

)
2
.0

0
(0
.6

7
×

)
3
6
.0

0
(1
.0

0
×

)
1
,8

8
0
.0

0
(0
.9

3
×

)
5
.0

7
(1
.1

5
×

)
0
.1

3
(1

3
.0

0
×

)
0
.0

7
(3
.5

0
×

)
0
.0

7
(3
.5

0
×

)
0
.1

2
(1
.5

0
×

)
0
.6

9
(0
.5

8
×

)
1
.7

2
(0
.7

7
×

)
0
.0

3
(0
.9

1
×

)
b

m
m

a
tc

h
2

st
r

a
rc

h
2
3
2
.0

0
(0
.5

9
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
5
5
.0

0
(1
.0

0
×

)
1
3
.0

0
(0
.7

2
×

)
4
.0

0
(2
.0

0
×

)
4
6
.0

0
(0
.8

2
×

)
2
,5

5
4
.0

0
(0
.5

4
×

)
8
.5

4
(0
.9

7
×

)
0
.0

8
(8
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.0

6
(0
.8

6
×

)
0
.1

5
(0
.9

4
×

)
1
.8

4
(0
.9

0
×

)
3
.4

3
(1
.1

2
×

)
0
.0

4
(1
.1

5
×

)
b

m
m

o
d

1
6
6
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
6
7
.0

0
(1
.0

0
×

)
3
3
.0

0
(1
.0

0
×

)
2
6
.0

0
(0
.6

8
×

)
7
6
6
.0

0
(1
.1

5
×

)
0
.9

4
(1
.0

0
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
0
.0

2
(1
.0

0
×

)
0
.0

4
(1
.0

0
×

)
0
.2

7
(0
.8

7
×

)
0
.8

2
(1
.0

1
×

)
0
.0

3
(0
.9

9
×

)
b

m
m

a
tc

h
3

st
r

a
rc

h
1
5
7
.0

0
(0
.7

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
3
7
.0

0
(0
.6

7
×

)
1
1
.0

0
(0
.8

5
×

)
1
.0

0
(1
.0

0
×

)
2
6
.0

0
(0
.7

2
×

)
1
,0

0
4
.0

0
(0
.7

5
×

)
5
.7

6
(1
.2

0
×

)
0
.0

7
(7
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

2
(0
.6

7
×

)
0
.0

6
(0
.8

6
×

)
0
.5

0
(1
.1

6
×

)
1
.0

7
(1
.1

1
×

)
0
.0

3
(0
.9

9
×

)
b

m
m

a
tc

h
6

st
r

a
rc

h
1
3
9
.0

0
(0
.6

7
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
3
7
.0

0
(0
.6

7
×

)
1
0
.0

0
(0
.9

1
×

)
1
.0

0
(0
.5

0
×

)
4
0
.0

0
(0
.9

5
×

)
7
8
4
.0

0
(0
.5

3
×

)
5
.6

2
(1
.0

1
×

)
0
.0

7
(7
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

2
(0
.6

7
×

)
0
.0

6
(0
.7

5
×

)
0
.4

4
(0
.6

7
×

)
1
.0

1
(0
.7

4
×

)
0
.0

3
(0
.9

6
×

)
b

m
a
n

d
lo

g
1
2
8
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
6
4
.0

0
(1
.0

0
×

)
3
2
.0

0
(1
.0

0
×

)
3
4
.0

0
(1
.0

0
×

)
6
5
5
.0

0
(1
.0

0
×

)
1
.4

7
(1
.0

0
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.3

0
(1
.0

3
×

)
0
.8

4
(1
.0

6
×

)
0
.0

3
(1
.0

0
×

)
g
en

er
a
te

7
0
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
3
2
.0

0
(1
.0

0
×

)
1
9
4
.0

0
(0
.9

0
×

)
2
.1

9
(1
.0

2
×

)
0
.0

4
(4
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

8
(0
.8

9
×

)
0
.4

1
(1
.1

4
×

)
0
.0

3
(1
.0

1
×

)
b

m
st

m
t

a
ll

m
o
d

5
8
.0

0
(0
.9

8
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
6
.0

0
(1
.0

0
×

)
1
4
.0

0
(1
.0

0
×

)
2
0
.0

0
(0
.6

7
×

)
1
0
6
.0

0
(0
.7

8
×

)
0
.9

1
(1
.0

1
×

)
0
.0

8
(8
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.1

0
(0
.8

3
×

)
0
.5

2
(1
.1

3
×

)
0
.0

3
(1
.0

0
×

)
p

a
ra

m
ov

er
ri

d
e

4
5
.0

0
(0
.7

6
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
7
.0

0
(3
.5

0
×

)
1
.0

0
(1
.0

0
×

)
2
0
.0

0
(0
.9

1
×

)
2
4
7
.0

0
(0
.7

6
×

)
6
.1

9
(1
.0

0
×

)
0
.0

7
(7
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.1

7
(0
.8

9
×

)
0
.6

4
(1
.1

0
×

)
0
.0

3
(0
.9

9
×

)
p

a
ra

m
et

er
4
2
.0

0
(0
.7

2
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
9
.0

0
(4
.5

0
×

)
2
0
.0

0
(0
.6

7
×

)
1
3
9
.0

0
(1
.0

8
×

)
1
.5

8
(0
.8

9
×

)
0
.0

6
(6
.0

0
×

)
0
.0

1
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

6
(1
.2

0
×

)
0
.4

0
(1
.3

3
×

)
0
.0

3
(1
.0

0
×

)
p

a
ra

m
et

er
2

4
2
.0

0
(0
.7

2
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
9
.0

0
(4
.5

0
×

)
2
0
.0

0
(0
.6

7
×

)
1
3
9
.0

0
(1
.0

8
×

)
1
.5

8
(0
.8

9
×

)
0
.0

7
(7
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

6
(1
.2

0
×

)
0
.3

9
(1
.3

0
×

)
0
.0

3
(1
.0

1
×

)
b

m
D

L
7
4
3
8
1

A
L

U
4
1
.0

0
(0
.8

4
×

)
2
.0

0
(1
.0

0
×

)
1
1
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
1
8
.0

0
(0
.9

0
×

)
8
6
.0

0
(0
.8

0
×

)
2
.8

6
(1
.1

1
×

)
0
.0

7
(7
.0

0
×

)
0
.0

2
(0
.6

7
×

)
0
.0

8
(8
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.4

3
(1
.4

8
×

)
0
.0

3
(0
.9

9
×

)
b

m
st

m
t

co
m

p
a
re

p
a
d

d
in

g
4
0
.0

0
(0
.9

8
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
6
.0

0
(1
.0

0
×

)
9
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
8
6
.0

0
(1
.3

2
×

)
0
.9

0
(1
.0

0
×

)
0
.0

5
(5
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

5
(1
.0

0
×

)
0
.3

9
(1
.1

8
×

)
0
.0

3
(1
.0

1
×

)
b

m
D

L
4

1
6

en
co

d
er

3
7
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
5
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
5
6
.0

0
(1
.0

0
×

)
9
5
.0

0
(1
.0

0
×

)
1
.0

2
(1
.0

0
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
(0
.5

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

4
(1
.0

0
×

)
0
.3

5
(1
.2

5
×

)
0
.0

3
(1
.0

1
×

)
b

m
d

a
g
1

m
o
d

3
6
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
2
8
.0

0
(0
.9

7
×

)
0
.8

1
(1
.1

4
×

)
0
.0

7
(7
.0

0
×

)
0
.0

1
0
.0

1
(1
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.3

4
(1
.2

6
×

)
0
.0

3
(1
.0

0
×

)
b

m
d

a
g
4

m
o
d

3
6
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
2
8
.0

0
(0
.9

7
×

)
0
.8

1
(1
.1

4
×

)
0
.0

7
(7
.0

0
×

)
0
.0

1
0
.0

1
(1
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.3

5
(1
.3

0
×

)
0
.0

3
(1
.0

0
×

)
b

m
d

a
g
3

lo
g

m
o
d

3
6
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
1
0
.0

0
(1
.0

0
×

)
1
9
.0

0
(0
.5

3
×

)
1
.0

9
(0
.9

6
×

)
0
.0

8
(8
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.3

5
(1
.3

0
×

)
0
.0

3
(0
.9

9
×

)
b

m
d

a
g
3

m
o
d

3
5
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
5
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
1
5
.0

0
(1
.0

0
×

)
0
.7

6
(1
.0

0
×

)
0
.0

8
(8
.0

0
×

)
0
.0

1
0
.0

1
(1
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.3

7
(1
.3

7
×

)
0
.0

3
(1
.0

0
×

)
b

m
D

L
B

C
D

a
d

d
er

3
4
.0

0
(0
.7

7
×

)
1
.0

0
(1
.0

0
×

)
9
.0

0
(1
.0

0
×

)
1
.0

0
(0
.5

0
×

)
2
8
.0

0
(1
.0

8
×

)
3
6
.0

0
(0
.3

0
×

)
3
.8

7
(0
.9

8
×

)
0
.0

5
(5
.0

0
×

)
0
.0

1
(0
.5

0
×

)
0
.0

1
(0
.5

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

2
(0
.6

7
×

)
0
.3

1
(1
.0

7
×

)
0
.0

3
(0
.9

8
×

)
b

m
d

a
g
3

lp
m

lo
g

m
o
d

3
3
.0

0
(0
.7

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
5
.0

0
(0
.7

1
×

)
1
.0

0
(0
.5

0
×

)
1
8
.0

0
(1
.0

0
×

)
2
1
.0

0
(0
.5

4
×

)
1
.1

7
(0
.4

9
×

)
0
.0

7
(7
.0

0
×

)
0
.0

1
0
.0

1
(1
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

1
(0
.5

0
×

)
0
.3

1
(1
.1

9
×

)
0
.0

3
(0
.9

9
×

)
if

g
en

er
a
te

3
2
.0

0
(1
.0

0
×

)
1
6
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
0
.0

7
(7
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

7
(1
.0

0
×

)
0
.4

3
(1
.2

3
×

)
0
.0

3
(0
.9

9
×

)
ca

se
g
en

er
a
te

3
2
.0

0
(1
.0

0
×

)
1
6
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
0
.0

6
(6
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

7
(1
.0

0
×

)
0
.4

3
(1
.2

3
×

)
0
.0

3
(1
.0

1
×

)
b

m
d

a
g
1

lo
g

m
o
d

2
9
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
1
0
.0

0
(1
.0

0
×

)
1
9
.0

0
(0
.5

3
×

)
1
.0

9
(0
.9

6
×

)
0
.0

6
(6
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.3

4
(1
.3

1
×

)
0
.0

3
(1
.0

1
×

)
b

m
D

L
1
6

1
m

u
x

2
7
.0

0
(0
.9

6
×

)
3
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
1
8
.0

0
(0
.9

0
×

)
2
9
.0

0
(1
.2

1
×

)
1
.5

6
(0
.7

9
×

)
0
.0

5
(5
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

8
(1
.2

2
×

)
0
.0

3
(1
.0

1
×

)
b

m
if

co
m

m
o
n

2
6
.0

0
(0
.8

7
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
6
.0

0
(0
.9

3
×

)
3
9
.0

0
(0
.6

5
×

)
1
.5

3
0
.0

5
(5
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

9
(1
.2

6
×

)
0
.0

3
(1
.0

0
×

)
•

b
m

if
co

ll
a
p

se
2
6
.0

0
(0
.8

7
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
3
0
.0

0
(0
.7

9
×

)
2
9
.0

0
(0
.8

5
×

)
0
.8

3
(0
.8

4
×

)
0
.0

5
(5
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.3

0
(1
.2

5
×

)
0
.0

3
(1
.0

1
×

)
b

m
d

a
g
2

m
o
d

2
4
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
3
1
.0

0
(1
.0

7
×

)
0
.7

2
(1
.0

2
×

)
0
.0

5
(5
.0

0
×

)
0
.0

1
0
.0

3
(1
.0

0
×

)
0
.3

2
(1
.2

3
×

)
0
.0

3
(1
.0

0
×

)
b

m
d

a
g
2

lo
g

m
o
d

2
4
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
3
1
.0

0
(1
.0

7
×

)
0
.7

2
(1
.0

2
×

)
0
.0

5
(5
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.3

2
(1
.2

3
×

)
0
.0

3
(1
.0

0
×

)
b

m
D

L
fo

u
r

b
it

a
d

d
er

co
n
ti

n
u

o
u

s
a
ss

ig
n

2
0
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
9
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
3
2
.0

0
(1
.0

0
×

)
3
4
.0

0
(1
.0

0
×

)
1
.8

2
(1
.0

0
×

)
0
.0

4
(4
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.2

7
(1
.1

7
×

)
0
.0

3
(1
.0

1
×

)
b

m
D

L
4

b
it

sh
if

t
re

g
is

te
r

1
9
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
7
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
6
.0

0
(1
.0

0
×

)
5
6
.0

0
(1
.0

0
×

)
0
.7

6
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

7
(1
.1

7
×

)
0
.0

3
(1
.0

1
×

)
b

m
D

L
B

C
D

7
se

g
m

en
t

w
it

h
o
u

t
x

1
8
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
3
2
.0

0
(1
.0

0
×

)
7
6
.0

0
(1
.0

0
×

)
1
.4

0
(1
.0

0
×

)
0
.0

5
(5
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.3

0
(1
.2

5
×

)
0
.0

3
(1
.0

0
×

)
b

m
te

st
er

1
7
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
5
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
3
4
.0

0
(0
.9

2
×

)
0
.9

1
(1
.0

7
×

)
0
.0

6
(6
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.0

3
(1
.0

0
×

)
0
.3

4
(1
.2

6
×

)
0
.0

3
(0
.9

9
×

)
b

m
if

re
se

t
1
7
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
8
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
6
.0

0
(0
.9

3
×

)
3
7
.0

0
(1
.2

8
×

)
0
.6

8
0
.0

6
(6
.0

0
×

)
0
.0

2
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

9
(1
.3

2
×

)
0
.0

3
(1
.0

1
×

)
•

b
m

D
L

4
b

it
co

m
p

a
ra

to
r

1
6
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
8
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
1
8
.0

0
(0
.6

9
×

)
4
3
.0

0
(1
.0

0
×

)
1
.4

6
(0
.9

0
×

)
0
.0

5
(5
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

7
(1
.1

7
×

)
0
.0

3
(0
.9

9
×

)
b

m
D

L
2

4
en

co
d

er
1
1
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
8
.0

0
(1
.0

0
×

)
3
2
.0

0
(1
.0

0
×

)
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

8
(1
.2

2
×

)
0
.0

3
(1
.0

1
×

)
•∗

b
m

D
L

lo
g
ic

w
D

ff
1
0
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
8
.0

0
(1
.0

0
×

)
1
.7

6
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

5
(1
.1

9
×

)
0
.0

3
(1
.0

0
×

)
b

m
D

L
lo

g
ic

w
D

ff
2

1
0
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
8
.0

0
(1
.0

0
×

)
1
.7

6
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

5
(1
.1

9
×

)
0
.0

3
(1
.0

1
×

)
b

m
D

L
st

ru
ct

u
ra

l
lo

g
ic

2
1
0
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
8
.0

0
(1
.0

0
×

)
3
1
.0

0
(1
.0

0
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
0
.0

1
(1
.0

0
×

)
0
.2

5
(1
.1

9
×

)
0
.0

3
(1
.0

0
×

)
•∗

b
m

d
a
g
1

lo
g

8
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
2
5
.0

0
(1
.0

0
×

)
1
.0

9
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

2
(2
.0

0
×

)
0
.2

7
(1
.1

7
×

)
0
.0

3
(1
.0

1
×

)
b

m
d

a
g
2

lo
g

8
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
2
1
.0

0
(1
.0

0
×

)
1
.0

6
(1
.0

0
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
0
.0

1
(1
.0

0
×

)
0
.2

7
(1
.2

3
×

)
0
.0

3
(1
.0

1
×

)
b

m
D

L
4

1
m

u
x

8
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
6
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
1
0
.0

0
(1
.0

0
×

)
1
4
.0

0
(1
.0

0
×

)
0
.8

9
(1
.0

0
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
(0
.5

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

6
(1
.1

8
×

)
0
.0

3
(1
.0

0
×

)
b

m
D

L
D

ff
w

sy
n

ch
re

se
t

6
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
6
.0

0
(1
.0

0
×

)
4
.0

0
(1
.0

0
×

)
1
.6

8
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

5
(1
.1

4
×

)
0
.0

3
(1
.0

0
×

)
b

m
D

L
2

ca
sc

a
d

ed
fl

ip
fl

o
p

s
6
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
6
.0

0
(1
.0

0
×

)
5
5
.0

0
(1
.0

0
×

)
0
.5

5
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
0
.0

1
(1
.0

0
×

)
0
.2

5
(1
.1

9
×

)
0
.0

3
(1
.0

0
×

)
b

m
D

L
2

1
m

u
x

5
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
6
.0

0
(1
.0

0
×

)
6
.0

0
(1
.0

0
×

)
1
.7

9
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

6
(1
.1

8
×

)
0
.0

3
(1
.0

0
×

)
b

m
D

L
st

ru
ct

u
ra

l
lo

g
ic

5
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
3
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
6
.0

0
(1
.0

0
×

)
6
.0

0
(1
.0

0
×

)
1
.7

9
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

4
(1
.1

4
×

)
0
.0

3
(1
.0

0
×

)
b

m
d

a
g
3

lo
g

4
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

6
(1
.1

8
×

)
0
.0

3
(1
.0

0
×

)
b

m
m

y
D

la
tc

h
1

4
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
1
0
.0

0
(1
.0

0
×

)
2
.1

7
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

4
(1
.1

4
×

)
0
.0

3
(1
.0

0
×

)
b

m
d

a
g
3

lp
m

lo
g

4
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

7
(1
.2

3
×

)
0
.0

3
(0
.9

9
×

)
b

m
D

L
D

fl
ip

fl
o
p

4
.0

0
(1
.0

0
×

)
1
.0

0
1
.0

0
(1
.0

0
×

)
2
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
2
0
.0

0
(1
.0

0
×

)
1
0
.0

0
(1
.0

0
×

)
0
.6

8
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
0
.0

1
(1
.0

0
×

)
0
.2

4
(1
.2

0
×

)
0
.0

3
(1
.0

2
×

)
b

m
m

y
D

la
tc

h
2

2
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
1
.0

0
(1
.0

0
×

)
1
4
.0

0
(1
.0

0
×

)
9
.0

0
(1
.0

0
×

)
0
.2

1
(1
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.2

4
(1
.2

0
×

)
0
.0

3
(1
.0

1
×

)
b

m
a
d

d
lp

m
0
.0

0
(0
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
0
.3

0
(1
.4

3
×

)
0
.0

3
(0
.9

8
×

)
†

b
m

d
a
g
1

lp
m

0
.0

0
(0
.0

0
×

)
1
.0

0
(1
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
0
.0

0
(0
.0

0
×

)
0
.3

0
(1
.3

6
×

)
0
.0

3
(0
.9

8
×

)
†

b
m

d
a
g
2

lp
m

0
.0

0
(0
.0

0
×

)
1
.0

0
(1
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

4
(4
.0

0
×

)
0
.0

1
0
.0

0
(0
.0

0
×

)
0
.3

0
(1
.4

3
×

)
0
.0

3
(0
.9

9
×

)
†

b
m

d
a
g
3

lp
m

0
.0

0
(0
.0

0
×

)
1
.0

0
(1
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

5
(5
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.3

1
(1
.2

4
×

)
0
.0

3
(0
.9

8
×

)
†

b
m

d
a
g
3

lp
m

m
o
d

0
.0

0
(0
.0

0
×

)
1
.0

0
(1
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

8
(8
.0

0
×

)
0
.0

1
(1
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.3

5
(1
.0

6
×

)
0
.0

3
(0
.9

5
×

)
†

b
m

D
L

b
eh

av
io

u
ra

l
fu

ll
a
d

d
er

0
.0

0
(0
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

0
(0
.0

0
×

)
0
.0

3
(3
.0

0
×

)
0
.0

1
0
.3

0
(1
.4

3
×

)
0
.0

3
(0
.9

8
×

)
†

a
d

d
er

h
a
rd

b
lo

ck
0
.0

1
(0
.0

7
×

)
0
.0

0
(0
.0

0
×

)
◦‡

G
E

O
M

E
A

N
3
5
.0

7
(0
.9

6
×

)
1
.2

3
(1
.0

8
×

)
9
.6

4
(0
.9

7
×

)
3
.8

5
(1
.0

9
×

)
2
.0

2
(0
.9

3
×

)
2
0
.9

0
(0
.9

5
×

)
9
3
.5

7
(0
.9

1
×

)
1
.7

1
(1
.0

0
×

)
0
.0

6
(5
.4

0
×

)
0
.0

2
(1
.0

4
×

)
0
.0

3
(1
.1

6
×

)
0
.0

7
(1
.1

0
×

)
0
.0

5
(0
.9

7
×

)
0
.4

7
(1
.1

2
×

)
0
.0

3
(1
.0

0
×

)
G

E
O

M
E

A
N

(>
1
0
0
)

3
5
1
.6

1
(0
.9

7
×

)
1
.9

2
(1
.3

8
×

)
6
7
.9

6
(0
.9

2
×

)
2
8
.5

5
(1
.1

7
×

)
2
.1

9
(0
.9

3
×

)
3
7
.8

5
(0
.9

4
×

)
2
,3

4
5
.1

5
(0
.9

0
×

)
4
.4

1
(1
.0

7
×

)
0
.1

1
(9
.5

8
×

)
0
.0

3
(1
.1

6
×

)
0
.0

8
(1
.2

6
×

)
0
.1

6
(1
.0

9
×

)
1
.2

2
(0
.8

8
×

)
2
.6

5
(1
.0

0
×

)
0
.0

4
(1
.0

1
×

)
%

T
O

T
A

L
(>

1
0
0
)

3
.7

8
%

2
.1

8
%

4
.4

9
%

7
.4

3
%

5
1
.6

7
%

1
0
0
.0

0
%

R
u
n
ti

m
e

in
S
e
c
o
n
d
s,

M
e
m

o
ry

in
G

iB
,

W
L

in
g
ri

d
ti

le
s,

a
n
d

C
P

D
in

n
s.

◦
V

P
R

fa
il
e
d

to
ro

u
te

in
th

e
V

T
R

b
a
se

li
n
e

‡
V

P
R

fa
il
e
d

to
ro

u
te

in
th

e
V

T
R

fl
o
w

w
it

h
Y

o
sy

s
fr

o
n
t-

e
n
d

†
V

P
R

fa
il
e
d

to
p
la

c
e

a
n
d

ro
u
te

in
th

e
V

T
R

fl
o
w

w
it

h
Y

o
sy

s
fr

o
n
t-

e
n
d

•
V

P
R

fa
il
e
d

to
im

p
le

m
e
n
t

a
n

u
n
ro

u
ta

b
le

c
ir

c
u
it

w
it

h
a

sp
e
c
ifi

c
c
h
a
n
n
e
l

w
id

th
fa

c
to

r
in

th
e

V
T

R
B

a
se

li
n
e

∗
V

P
R

fa
il
e
d

to
im

p
le

m
e
n
t

a
n

u
n
ro

u
ta

b
le

c
ir

c
u
it

w
it

h
a

sp
e
c
ifi

c
c
h
a
n
n
e
l

w
id

th
fa

c
to

r
in

th
e

V
T

R
fl

o
w

w
it

h
Y

o
sy

s
fr

o
n
t-

e
n
d

T
ab

le
A

.2
:

M
ic

ro
B

en
ch

m
ar

k
s

u
si

n
g

Y
os

y
s

F
ro

n
t-

en
d

in
th

e
V

T
R

F
lo

w
(R

el
at

iv
e

to
th

e
V

T
R

B
as

el
in

e)
.

72



0.
50

0.
60

0.
70

0.
80

0.
90

1.
00

1.
10

1.
20

1.
30

1.
40

  b
m_DL_

16_1_mux

  b
m_match

2_str
_arch

  b
m_match

5_str
_arch

  b
m_arit

hmetic
_unuse

d_bits   b
m_mod

  b
m_dag1

_mod

  b
m_dag4

_mod

  p
aram_overri

de

  b
m_match

1_str
_arch   g

enerate

  b
m_dag1

_log_
mod

  b
m_functi

onal_test

  b
m_match

6_str
_arch

  b
m_base

_multip
ly

  b
m_DL_

4_bit_
co

mparator

  b
m_dag3

_log_
mod

  b
m_lpm_co

nca
t

  b
m_and_log

  b
m_DL_

4_16_enco
der

  b
m_dag3

_mod

  b
m_DL_

four_bit_
adder_co

ntin
uous_assi

gn

  b
m_DL_

4_bit_
sh

ift
_regis

ter

  b
m_DL_

BCD_7_se
gm

ent_with
out_x

  b
m_DL_

logic_
w_Dff

  b
m_DL_

logic_
w_Dff2

  b
m_dag1

_log

  b
m_dag2

_log

  b
m_DL_

4_1_mux

  b
m_DL_

Dff_
w_syn

ch
_rese

t

  b
m_DL_

2_ca
sca

ded_flip
_flo

ps

  b
m_DL_

2_1_mux

  b
m_DL_

str
uctu

ral_logic

  b
m_my_

D_latch
1

  b
m_DL_

D_flip
flo

p

  b
m_my_

D_latch
2

  b
m_stm

t_co
mpare_padding

  b
m_stm

t_all_
mod

  b
m_match

3_str
_arch

  b
m_match

4_str
_arch

  b
m_dag2

_mod

  b
m_dag2

_log_
mod

  p
arameter

  p
arameter_2
  b

m_teste
r

  b
m_exp

r_all_
mod

  b
m_lpm_all

  b
m_DL_

BCD_adder

  b
m_DL_

74381_ALU
Frequency  (normalised)

O
di

n-
II

Yo
sy

s
Yo

sy
s+

O
di

n-
II

F
ig

u
re

A
.1

:
T

h
e

M
ic

ro
B

en
ch

m
ar

k
s

F
re

q
u
en

cy
C

om
p
ar

is
on

.
B

en
ch

m
ar

k
s

R
es

u
lt

ed
in

E
rr

or
s

or
an

E
m

p
ty

N
et

li
st

s
ar

e
R

em
ov

ed
.

(N
or

m
al

is
ed

to
th

e
V

T
R

B
as

el
in

e)
.

73



0.
8

0.
85

0.
9

0.
95

1

O
di

n-
II

Yo
sy

s

Yo
sy

s+
O

di
n-

II

N
or

m
al

is
ed

N
et

lis
t P

rim
iti

ve
s (

> 
10

0)

F
ig

u
re

A
.2

:
N

et
li
st

P
ri

m
it

iv
es

fo
r

M
ic

ro
B

en
ch

m
ar

k
s

w
it

h
al

l
F

ro
n
t-

en
d
s.

0
0.

2
0.

4
0.

6
0.

8
1

1.
2

O
di

n-
II

Yo
sy

s

Yo
sy

s+
O

di
n-

II

N
or

m
al

is
ed

CL
Bs

 (>
 1

00
)

F
ig

u
re

A
.3

:
C

L
B

s
fo

r
M

i-
cr

o
B

en
ch

m
ar

k
s

w
it

h
al

l
F

ro
n
t-

en
d
s.

0
0.

2
0.

4
0.

6
0.

8
1

O
di

n-
II

Yo
sy

s

Yo
sy

s+
O

di
n-

II

N
or

m
al

is
ed

W
m

in
 (>

 1
00

)

F
ig

u
re

A
.4

:
W

m
in

fo
r

M
i-

cr
o

B
en

ch
m

ar
k
s

w
it

h
al

l
F

ro
n
t-

en
d
s.

0
0.

2
0.

4
0.

6
0.

8
1

O
di

n-
II

Yo
sy

s

Yo
sy

s+
O

di
n-

II

N
or

m
al

is
ed

Ro
ut

ed
 W

ire
 L

en
gt

h 
(>

 1
00

)

F
ig

u
re

A
.5

:
R

ou
te

d
W

ir
e

L
en

gt
h
s

fo
r

M
ic

ro
B

en
ch

m
ar

k
s

w
it

h
al

l
F

ro
n
t-

en
d
s.

0.
00

2.
00

4.
00

6.
00

8.
00

10
.0

0

12
.0

0

Sy
nt

h 
Ti

m
e

AB
C 

Ti
m

e
Pa

ck
 T

im
e

Pl
ac

e 
Ti

m
e

Ro
ut

e 
Ti

m
e

VT
R 

El
ap

se
d 

Ti
m

e

Runtime (normalised)

O
di

n-
II

Yo
sy

s

Yo
sy

s+
O

di
n-

II

F
ig

u
re

A
.6

:
V

T
R

F
lo

w
S
ec

ti
on

al
R

u
n
ti

m
e

fo
r

M
ic

ro
B

en
ch

m
ar

k
s

w
it

h
al

l
F

ro
n
t-

en
d
s.

74



Appendix B

FIR Benchmarks
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Appendix C

Yosys+VTR Synthesis Script

1 # XXX (input circuit) is replaced with filename by the run vtr flow script

2 read verilog −nolatches XXX

3 # These commands follow the generic ‘synth’

4 # command script inside Yosys

5 # The −libdir argument allows Yosys to search the current

6 # directory for any definitions to modules it doesn’t know

7 # about, such as hand−instantiated (not inferred) memories

8 hierarchy −check −auto−top −libdir .

9 proc

10 # Check that there are no combinational loops

11 scc −select

12 select −assert−none %

13 select −clear

14 # Optimization, FSM extraction and memory inference

15 opt expr; opt clean; check; opt −nodffe −nosdff;

16 fsm; opt; wreduce; peepopt; opt clean; share;

17 opt; memory −nomap; opt −full;

18 # Transform all async FFs into synchronous ones

19 # (TTT) will be replaced with ODIN TECHLIB by the python script

20 techmap −map +/adff2dff.v

21 techmap −map TTT/adffe2dff.v

22 # Map multipliers, DSPs, and add/subtracts according to yosys models.v

23 # (YYY) will be replaced with yosys models.v by the python script

24 techmap −map YYY ∗/t:$mul ∗/t:$mem ∗/t:$sub ∗/t:$add

25 opt −fast −full

26 memory map
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27 # Taking care to remove any undefined muxes that

28 # are introduced to promote resource sharing

29 opt −full

30 # Then techmap all other ‘complex’ blocks into basic

31 # (lookup table) logic

32 techmap; opt −fast;

33 # We read the definitions for all the VTR primitives

34 # as blackboxes

35 read verilog −lib TTT/adder.v

36 read verilog −lib TTT/multiply.v

37 #( SSS) and (DDD) will be replaced with single port ram.v

38 # and dual port ram.v by the python script, respectively

39 read verilog −lib SSS

40 read verilog −lib DDD

41 # Rename singlePortRam to single port ram

42 # Rename dualPortRam to dual port ram

43 # rename function of Yosys not work here

44 # since it may result in a hierarchy error

45 #(SSR) and (DDR) will be replaced with spram rename.v

46 # and dpram rename.v by the python script, respectively

47 read verilog SSR

48 read verilog DDR

49 # Flatten the netlist

50 flatten

51 # Turn all DFFs into simple latches

52 dffunmap

53 opt −fast −noff

54 # Lastly, check the hierarchy for any unknown modules,

55 # and purge all modules (including blackboxes) that

56 # aren’t used

57 hierarchy −check −purge lib

58 tee −o /dev/stdout stat

59 autoname

60 # Then write it out as a blif file, remembering to call

61 # the internal ‘$true ’/‘ $false ’ signals vcc/gnd, but

62 # switch ‘−impltf’ doesn’t output them

63 # ZZZ will be replaced by run vtr flow.pl

64 write blif −true + vcc −false + gnd −undef + unconn −blackbox ZZZ

Listing C.1: Yosys+VTR Synthesis Script
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