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(57) ABSTRACT 

Circuit design equipment may design logic for a circuit. The 
design equipment may discover optimized design con 
straints and an optimized clock signal frequency for the 
circuit. The design equipment may output the discovered 
optimized clock signal frequency and design constraints to 
circuit fabrication equipment for fabricating the correspond 
ing circuit. The design equipment may discover the opti 
mized clock signal frequency and design constraints by 
populating a cost function with different clock signal fre 
quencies and different design constraint values. The cost 
function may be, for example, a multi-dimensional Surface. 
The design equipment may identify a global minimum of the 
cost function and may identify the clock signal frequency 
and design constraint values that correspond to the global 
minimum as the optimized clock frequency and optimized 
design constraints to provide to circuit fabrication equip 
ment. The fabrication equipment may fabricate the circuit to 
implement the optimized design constraint values and clock 
frequency. 
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1. 

SYSTEMS AND METHODS FOR FLEXBLY 
OPTIMIZING PROCESSING CIRCUIT 

EFFICIENCY 

This application claims the benefit of provisional patent 
application No. 62/065,551, filed Oct. 17, 2014, which is 
hereby incorporated by reference herein in its entirety. 

BACKGROUND 

This relates to integrated circuits and more particularly, to 
methods and systems for designing and fabricating inte 
grated circuits. 

Integrated circuits are often formed with processing cir 
cuitry that can perform desired logic functions and that is 
clocked using clock signals having a particular clock fre 
quency. In a typical scenario, a logic designer uses com 
puter-aided design tools on a circuit design system to 
generate a logic design for the processing circuitry so that 
the processing circuitry performs the desired logic functions. 
Once the circuit design system has generated the logic 
design, the logic design is provided to fabrication equipment 
that fabricates an integrated circuit that performs the desired 
logic functions as specified by the generated logic design. 

Each logic design generated by the circuit design system 
can be characterized by a performance metric Such as an 
efficiency value associated with the efficiency of that par 
ticular logic design. In conventional circuit design systems, 
the clock frequency of the clock signals received by the 
processing circuitry is pre-determined based on a fixed 
design standard Such that all of the logic designs that are 
generated by the circuit design system are generated to 
implement that fixed clock frequency. In other words, the 
clock frequency of the processing circuitry is set as a fixed 
constraint while determining the logic design to be imple 
mented on the processing circuitry. 

However, in practice, a given logic design can exhibit 
different efficiencies for different clock frequencies, such 
that a particular logic design will not always exhibit optimal 
efficiency at the fixed standardized clock frequency. Pro 
cessing circuits that are generated by the conventional 
circuit design system can thereby have sub-optimal efficien 
cies due to the imposition of the fixed clock frequency 
constraint during design of the processing circuits. 

It may therefore be desirable to provide improved systems 
and methods for designing and fabricating processing cir 
cuitry. 

SUMMARY 

Circuit design computing equipment (e.g., a circuit design 
or logic design system) may design processing circuitry 
(e.g., logic for implementing on an integrated circuit). The 
circuit design computing equipment may discover optimized 
design constraint values associated with an integrated circuit 
and/or an optimized clock signal frequency for the inte 
grated circuit. The design equipment may output the dis 
covered optimized clock signal frequency and the discov 
ered optimized design constraint for the integrated circuit to 
external equipment such as integrated circuit fabrication 
equipment. 
The design equipment may discover the optimized clock 

signal frequency by identifying multiple different clock 
signal frequencies for the circuit and identifying a given 
clock signal that minimizes a corresponding cost function as 
the optimized clock signal frequency. The design equipment 
may discover the optimized design constraint by identifying 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
multiple chip area constraints for the circuit (e.g., as iden 
tifying by a logic design for the circuit) and identifying the 
chip area constraint that minimizes the cost function as the 
optimized design constraint. 
The design equipment may generate the cost function 

based on the different chip area constraints (or other design 
variables) and the different clock signal frequencies for the 
circuit. For example, the design equipment may populate the 
cost function using multiple different clock signal frequen 
cies and multiple different design constraint values such as 
different circuit design architectures (e.g., hardware descrip 
tion language files), different aspect ratios for the circuit, 
different pin layouts for the circuit, different fabrication 
technology libraries for fabricating the circuit, different cell 
libraries for the circuit, etc. The design equipment may 
model (e.g., simulate) and characterize the performance of 
the circuit when provided with each combination of the 
clock signal frequencies and the design constraint values to 
populate the cost function, for example. The cost function 
may be, for example, a multi-dimensional Surface. The 
design equipment may identify a global minimum of the cost 
function and may identify the clock signal frequency and the 
design constraint values that correspond to the global mini 
mum as the optimal clock frequency and optimal design 
constraints to provide to circuit fabrication equipment. 

Further features of the invention, its nature and various 
advantages will be more apparent from the accompanying 
drawings and the following detailed description of the 
preferred embodiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an illustrative diagram of an integrated circuit 
device that includes processing core circuits that may be 
designed and optimized to maximize efficiency of the core 
circuits using a circuit design system in accordance with an 
embodiment of the present invention. 

FIG. 2 is an illustrative diagram of a circuit design system 
that may generate designs for processing circuits of the type 
shown in FIG. 1 having optimized efficiency and that may 
provide the designs to circuit fabrication equipment in 
accordance with an embodiment of the present invention. 

FIG. 3 is an illustrative diagram of computer aided design 
tools for generating designs for processing circuits having 
optimized efficiency given a set of different circuit design 
parameters in accordance with an embodiment of the present 
invention. 

FIG. 4 is a flow chart of illustrative steps that may be 
performed by a circuit design system to generate processing 
circuit designs having optimized efficiency given a set of 
different circuit design parameters by populating and opti 
mizing a corresponding efficiency cost function in accor 
dance with an embodiment of the present invention. 

FIG. 5 is an illustrative plot showing how a circuit design 
system may generate an efficiency cost function based on 
different clock frequencies for a particular processing circuit 
design and showing how the circuit design system may 
process the cost function to generate an optimal clock 
frequency for the processing circuit design in accordance 
with an embodiment of the present invention. 

FIG. 6 is an illustrative plot showing how a circuit design 
system may generate a multi-dimensional efficiency cost 
function Surface based on different clock frequencies and 
other variable circuit design parameters for a particular 
processing circuit design and showing how the circuit design 
system may process the cost function to generate optimal 
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circuit design parameter values for the processing circuit 
design in accordance with an embodiment of the present 
invention. 

DETAILED DESCRIPTION 5 

Embodiments of the present invention relate to integrated 
circuits, and more particularly, to ways for dynamically 
optimizing processing circuitry on integrated circuits. 

Integrated circuits may contain memory elements, pro- 10 
cessing circuitry, or other Suitable integrated circuit ele 
ments. As shown in FIG. 1, an integrated circuit such as 
integrated circuit 116 may have input-output (I/O) circuitry 
212 for driving signals off of device 116 and for receiving 
signals from other devices via input-output pins 214. Inte- 15 
grated circuit 116 may be a memory chip, a digital signal 
processor (DSP), a microprocessor, an application specific 
integrated circuit (ASIC), or a programmable integrated 
circuit, for example. 

Integrated circuit 116 may include processing circuitry 20 
formed in a region 218. Region 218 may sometimes be 
referred to herein as a processing core region or core region 
of integrated circuit 116. Integrated circuit 116 may include 
control circuitry such as control circuitry 216 that is coupled 
to core region 218 by paths 224. Paths 224 may, for example, 25 
be conductive interconnect paths such as vertical and/or 
horizontal conductive lines or buses connected between 
region 218 and control circuitry 216. 

Core region 218 may include multiple processing core 
circuits 220 that are each controlled by control circuitry 216 30 
to perform desired processing operations. In one Suitable 
arrangement that is sometimes described herein as an 
example, integrated circuit 116 may perform processing 
operations to maintain a digital cryptocurrency. Digital 
currencies serve as a digital medium of exchange in which 35 
the digital currencies may be transferred in exchange for 
goods and services. Cryptocurrencies are examples of digital 
currencies in which cryptography governs the creation and 
exchange of value. An example of a cryptocurrency is the 
Bitcoin cryptocurrency that is governed by the Bitcoin 40 
protocol. This is in contrast to traditional mediums of 
exchange that are governed, for example, by a central 
authority. 
The Bitcoin protocol defines a system in which the 

creation and distribution of the bitcoin cryptocurrency is 45 
governed by consensus among a peer-to-peer network (e.g., 
a peer-to-peer network to which integrated circuit 116 
belongs). The network maintains a public ledger in which 
new transactions are verified and recorded by members of 
the network via cryptography. The operations of Verifying 50 
and recording transactions of cryptocurrencies such as trans 
actions in the bitcoin cryptocurrency are sometimes referred 
to as mining, because completion of each mining operation 
typically rewards the miner with newly created cryptocur 
rency (e.g., bitcoins). Bitcoin mining operations involve 55 
identifying a solution to a cryptographic puzzle in which 
transactions that are to be verified form part of the puzzle 
parameters. Bitcoin mining operations are typically per 
formed via brute-force techniques (e.g., an exhaustive 
search for a puzzle solution performed across all possible 60 
solutions). The difficulty of the cryptographic puzzle has led 
to the use of dedicated circuitry designed specifically for 
Bitcoin mining. 

If desired, control circuitry 216 may control processor 
cores 220 to perform an exhaustive search for a solution to 65 
a cryptographic puzzle as governed by the Bitcoin protocol 
(e.g., control circuitry 216 may control processor cores 220 

4 
to perform Bitcoin mining operations). If desired, control 
circuitry 216 may assign respective search spaces to each 
core 220 for searching for a solution to the cryptographic 
puzzle. This example is merely illustrative and, in general, 
processing cores 220 may perform any desired digital pro 
cessing operations. 

Integrated circuit 116 may include power Supply circuitry 
Such as power Supply circuitry 230 and timing circuitry Such 
as clock circuitry 232. Power supply circuitry 230 may 
power processing cores 220 (e.g., over paths 224). If desired, 
power Supply circuitry 230 may supply the same amount of 
power to each core circuit 220 or may provide different 
amounts of power to different core circuits 220. Clocking 
circuitry 232 may generate a clocking signal having a 
desired clock frequency for controlling the timing of pro 
cessing cores 220. Clocking circuitry 232 may generated the 
clocking signal using any desired clocking circuitry (e.g., a 
phase-locked loop (PLL) circuit, a Voltage controlled oscil 
lator (VCO) circuit, an off-chip crystal oscillator, etc.). 

Processing cores 220 may include digital logic circuitry 
and any desired circuit elements for performing desired 
processing operations. For example, core circuits 220 may 
include, but are not limited to, structures such as metal 
oxide-semiconductor field-effect transistors (MOSFETs), 
bipolar junction transistors (BJTs), diode structures, fuses, 
memory elements, resistors, capacitors, inductors, intellec 
tual property (IP) blocks, digital logic circuitry such as 
adders, exclusive OR (XOR) gates, AND gates, and other 
Suitable integrated circuit processing/storage components. 
Cores 220 may require a particular amount of power (e.g., 
from power supply circuitry 230) to perform desired pro 
cessing operations and may require a particular amount of 
area on integrated circuit 116 to accommodate the circuit 
elements and logic that perform the desired processing 
operations. 
The various structures and components that are included 

in an integrated circuit can be designed using a circuit design 
system (e.g., the particular layout and arrangement of the 
circuitry and logic on each core 220 may be designed using 
a circuitry design system). An illustrative circuit design 
system 300 in accordance with an embodiment of the 
present invention is shown in FIG. 2. System 300 may be 
based on one or more processors such as personal comput 
ers, workstations, etc. Memory in these computers or exter 
nal memory and storage devices such as internal and/or 
external hard disks may be used to store instructions and 
data for system 300. 

Software-based components such as computer-aided 
design tools 302 and databases 304 may be implemented 
(stored) on system 300. During operation, executable soft 
ware Such as the Software of computer aided design tools 
302 runs on the processor(s) of system 300. Databases 304 
may be used to store data for the operation of system 300. 
In general, Software and data may be stored on any com 
puter-readable medium (storage) in system 300. Such stor 
age may include computer memory chips, removable and 
fixed media Such as hard disk drives, flash memory, compact 
discs (CDs), digital versatile discs (DVDs), other optical 
media, and/or any other Suitable memory or storage 
device(s). When the software of system 300 is installed, the 
storage of system 300 has instructions and data that cause 
the computing equipment in System 300 to execute various 
methods (processes). When performing these processes, the 
computing equipment is configured to implement the func 
tions of the circuit design system. 
The computer aided design (CAD) tools 302, some or all 

of which are sometimes referred to collectively as a CAD 
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tool or an electronic design automation (EDA) tool, may be 
provided by a single vendor or by multiple vendors. Tools 
302 may be provided as one or more Suites of tools (e.g., a 
compiler Suite for performing tasks associated with imple 
menting a circuit design in a programmable logic device) 
and/or as one or more separate software components (tools). 
Database(s) 304 may include one or more databases that are 
accessed only by a particular tool or tools and may include 
one or more shared databases that are shared among tools. 
CAD tools 302 may be used (e.g., by a logic designer or 

operator of circuitry design system 300) to generate one or 
more particular logic designs for processing cores 220. 
Circuitry design system 300 may include design character 
ization equipment such as design characterization equip 
ment 306 (e.g., design characterization software that is 
independent from CAD tools 302 or that is integrated with 
CAD tools 302). Design characterization engine 306 may 
characterize the performance (e.g., one or more performance 
attributes) of the particular designs for processing cores 220 
produced by CAD tools 302. Characterization engine 306 
may process multiple designs for cores 220 produced by 
CAD tools 302 to identify an optimal design for cores 220 
(e.g., a design that satisfies certain design constraints and/or 
that consumes an optimal amount of power and chip area). 

In conventional arrangements, CAD tools 302 generate 
designs for core circuits 220 under the assumption that core 
circuits 220 are provided with clock signals having a fixed 
(standardized) clocking frequency by clocking circuitry 232 
(i.e., core circuits 220 are generated for clocking with a 
clock signal having a fixed clock frequency that is set by a 
predetermined and standardized design specification for 
integrated circuit 116). In other words, the predetermined 
clock frequency is typically fixed as a design constraint for 
all logic designs generated by CAD tools 302. However, the 
optimal clock frequency for the clocking signal generated by 
circuitry 232 may depend on the particular logic design of 
processing cores 220 (e.g., Some logic designs for core 
circuits 220 may be more efficient at certain clocking 
frequencies than other logic designs, etc.). This imposition 
of a standardized, predetermined clocking frequency design 
constraint may thereby lead to a Sub-optimal clocking fre 
quency and therefore inefficient performance of processing 
circuitry 220 for many designs of logic implemented on the 
processing circuitry. 

If desired, CAD tools 302 of design system 300 may 
specify a number of different clocking frequencies for each 
logic design of core 220 and design characterization equip 
ment 306 may process each logic design with each clocking 
frequency to determine an optimal clocking frequency for 
the particular logic design. By allowing design system 300 
to discover an optimal clocking frequency, core 220 may be 
provided with a more efficient and flexible logic design than 
scenarios where the clocking frequency is set as a predeter 
mined design constraint. If desired, CAD tools 302 may vary 
a number of different design variables when generating logic 
designs for circuitry 220. Design characterization equipment 
306 may process each logic design with each possible 
combination of design variables to determine optimum 
values for each variable in addition to an optimal clocking 
frequency. In this way, design characterization equipment 
306 may dynamically determine an optimal logic design for 
each of cores 220. 

If desired, design characterization equipment 306 may 
determine optimal logic designs for cores 220 using one or 
more desired cost functions. For example, equipment 306 
may minimize or otherwise optimize a cost function that 
takes as inputs one or more design variables associated with 
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6 
core 220. Equipment 306 may store information identifying 
one or more cost functions 308 (e.g., on storage circuitry 
implemented as a part of equipment 306). Equipment 306 
may select one or more of cost functions 308 and may 
populate (generate) the cost function based on each logic 
design generated by CAD tools 302. Characterization equip 
ment 306 may optimize the populated cost function to 
determine an optimal logic design for core 220 (e.g., optimal 
design variables such that those variables optimize the 
corresponding cost function 308). 

Design system 300 may provide the optimal design for 
circuitry 220 to circuit fabrication equipment such as fab 
rication equipment 309. Design system 300 may provide the 
optimal design for circuitry 220 to fabrication equipment 
309 as a data file or data structure, for example. Fabrication 
equipment 309 may process the circuit design received from 
design system 300 and may fabricate an optimized circuit 
311 using the optimized design constraints identified by 
circuitry design system 300. For example, circuit 311 may 
be one or more of processing cores 220 or may be circuit 116 
of FIG. 1. 

Illustrative computer aided design tools 302 that may be 
used in a circuit design system such as circuit design system 
300 of FIG. 2 are shown in FIG. 3. 
The design process for designing logic circuitry 220 may 

start with the formulation of functional specifications of the 
integrated circuit design (e.g., a functional or behavioral 
description of the integrated circuit design). A circuit 
designer may specify the functional operation of a desired 
circuit design using design and constraint entry tools 318. 
Design and constraint entry tools 318 may include tools such 
as design and constraint entry aid 320 and design editor 322. 
Design and constraint entry aids such as aid 320 may be used 
to help a circuit designer locate a desired design from a 
library of existing circuit designs and may provide com 
puter-aided assistance to the circuit designer for entering 
(specifying) the desired circuit design. 

Design and constraint entry tools 318 may be used to 
allow a circuit designer to provide a desired circuit design 
using any Suitable format. For example, design and con 
straint entry tools 318 may include tools that allow the 
circuit designer to enter a circuit design using truth tables, a 
schematic capture tool, etc. Libraries of preexisting inte 
grated circuit designs may be used to allow a desired portion 
of a design to be imported with the schematic capture tools. 
For example, design and constraint entry tools 318 may 
include one or more stored cell libraries 324 and one or more 
stored technology libraries 326 that are used in generating 
the circuit designs. 

Technology libraries 326 may include libraries associated 
with one or more design technologies associated with the 
fabrication of cores 220. Each design technology identified 
by technology libraries 326 may include one or more 
associated cell libraries from cell library 324. Each cell 
library 324 may include a corresponding set of design blocks 
(sometimes referred to as intellectual property (IP) blocks) 
that perform desired logic functions (e.g., blocks that per 
form clocking operations, control operations, addition 
operations, etc.) So that a logic designer can design circuits 
to perform desired operations without designing low level 
(e.g., gate-level) implementations of the desired logic func 
tions. 
As an example, technology libraries 326 may include a 

first technology library associated with a first fabrication 
organization or company (e.g., a first organization that 
manufactures cores 220) and a second technology library 
associated with a second fabrication company (e.g., a second 
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organization that manufactures cores 220). The first tech 
nology library may include one or more cell libraries that 
include different logic design blocks that may be used by a 
logic designer to design cores 220 whereas the second 
technology library may include one or more additional cell 
libraries that include different logic design blocks. 

In one example, design and constraint entry aid 320 may 
be used to present Screens of options for a user. The user may 
click on on-screen options to select whether the circuit being 
designed should have certain features. Design editor 322 
may be used to enter a design (e.g., by entering lines of 
hardware description language code), may be used to edit a 
design obtained from a library (e.g., using a design and 
constraint entry aid), or may assist a user in selecting and 
editing appropriate prepackaged code/designs. For example, 
the user (circuit designer) may click on-screen options to 
select a particular design technology library 326 and one or 
more corresponding cell libraries 324 to use for designing 
core 220 and may Subsequently use the logic design blocks 
of the selected cell libraries to design core 220. 

In one Suitable arrangement, design tools 318 may 
autonomously generate a number of different designs based 
on one or more design constraints provided by the circuit 
designer. Design characterization equipment 306 may ana 
lyze the autonomously generated designs to determine an 
optimal design. For example, equipment 306 may be used to 
simulate the functional performance of each circuit design. 
Each circuit design may be synthesized using tools 328. 
After logic synthesis using tools 328, the circuit design 
system may use tools such as placement and routing tools 
330 to perform physical design steps (layout synthesis 
operations). Placement and routing tools 330 are used to 
determine where to place each gate of core 220 (e.g., each 
gate of a gate-level netlist produced by tools 328). The 
placement and routing tools 330 create orderly and efficient 
implementations of circuit designs for any targeted inte 
grated circuit (e.g., for a given programmable integrated 
circuit such as a field-programmable gate array (FPGA)). 

After processing multiple logic designs for cores 220 
using placement and routing tools 330, design characteriza 
tion equipment 306 (FIG. 2) may determine an optimal 
design using cost functions 308. The optimal implementa 
tion of the desired circuit design may be passed to circuit 
construction equipment (e.g., semi-conductor fabrication 
equipment or other circuit manufacturing equipment) that 
assembles integrated circuit 116 based on the optimal imple 
mentation of core 220 (e.g., by producing a mask-level 
layout description of the integrated circuit, etc.). 

FIG. 4 is a flow chart of illustrative steps that may be 
performed by circuitry design system 300 for autonomously 
determining an optimal implementation of processing cir 
cuitry 220 using a number of different variable design 
constraints. Design system 300 may determine the optimal 
implementation by identifying and characterizing different 
potential design variables for use in generating processing 
circuitry 220. 

At step 400, system 300 may obtain a set of different 
design architectures for processing circuitry 220. For 
example, a circuit designer may specify one or more desired 
logical functions for circuitry 220 to perform and system 
300 may autonomously generate a number of different 
circuit architectures that implement the desired logical func 
tions. Each of the design architectures may have, for 
example, an associated area consumption, input/output pin 
layout, aspect ratio, floor plan, etc. Each design architecture 
may be identified by, for example, a corresponding Verilog 
hardware description language (Verilog HDL) design, Very 
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8 
High Speed Integrated Circuit Hardware Description Lan 
guage (VHDL) design, SystemVerilog design, or a higher 
level circuit description language design Such as OpenCL or 
SystemC design. 

In the example where processing circuitry 220 is con 
trolled to perform Bitcoin mining operations, the circuit 
designer may instruct design system 300 to generate cir 
cuitry 220 that solves a cryptographic puzzle according to 
the Bitcoin protocol (e.g., that performs cryptographic hash 
ing operations as required by the Bitcoin protocol). Design 
system 300 may autonomously generate a set of multiple 
different circuit architectures that implement the logical 
functions required to solve the cryptographic puzzle (e.g., 
architectures having different circuit floor plans, area con 
Sumptions, pin layouts, aspect ratios, etc.) each having 
corresponding HDL designs (e.g., design files). 
At step 402, design system 300 may obtain a set of desired 

fabrication technologies (e.g., fabrication technologies) that 
may be used to build and implement processing circuitry 
220 (e.g., one or more technology libraries 326 may be 
identified). As an example, one technology that may be used 
to implement circuitry 220 may be a Taiwan Semiconductor 
Manufacturing Company Limited(R) (TSMC) fabrication 
technology, whereas another technology that may be used to 
implement core 220 may be a Samsung R fabrication tech 
nology. Each fabrication technology may be associated with 
a number of different design cell libraries 324 that may be 
used to implement that fabrication technology. When 
applied to each design architecture (e.g., HDL description), 
each fabrication technology may generate a different physi 
cal implementation of processing circuitry 220 upon fabri 
cation of integrated circuit 116. Design system 300 may 
autonomously select different fabrication technologies or a 
circuit designer may specify a number of different design 
technologies to test for generating an optimal design for 
circuit 220 (e.g., by providing a user input to design tools 
302). 
At step 404, design system 300 may obtain a set of cell 

libraries that may be used to build and implement processing 
circuitry 220. For example, system 300 may identify a set of 
cell libraries for each identified fabrication technology (e.g., 
as obtained at step 402). Design system 300 may autono 
mously select different cell libraries or a circuit designer 
may specify a number of different cell libraries to test (e.g., 
by providing a user input to design tools 302). 
At step 406, design system 300 may identify a set of clock 

frequencies at which processing circuitry 220 is to operate 
(e.g., a set of possible clock frequencies to test for gener 
ating an optimal design for cores 220). For example, design 
system 300 may identify a range of different clock frequen 
cies that may be used by circuitry 220. Design circuitry 300 
may autonomously select different clock frequencies or a 
circuit designer may specify a number of different clock 
frequencies to test. 
The example of FIG. 4 is merely illustrative. In general, 

steps 400-406 may be performed in any desired order and/or 
concurrently. For example, step 406 may be performed prior 
to step 400, concurrently with steps 400-404, etc. If desired, 
one or more of steps 400-406 may be omitted by fixing one 
of the hardware design language description, technology, 
cell library, and clock frequency as a set design constraint. 
By obtaining multiple different hardware design language 
descriptions, sets of design technologies, sets of cell libraries 
(sometimes referred to herein as logic libraries or IP librar 
ies), and/or sets of clock frequencies, design tools 302 may 
generate many possible designs for implementing process 
ing cores 220 (e.g., different designs having different com 
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binations of HDL descriptions, cell libraries, technology, 
and/or clock frequencies). For example, by processing steps 
400-406, tools 302 may generate a first possible design 
(implementation) for core 220 using a first HDL description, 
a first clock frequency, a first fabrication technology, and a 
first cell library of the first fabrication technology, may 
generate a second possible design for core 220 using the first 
HDL description, a second clock frequency, the first fabri 
cation technology, and the first cell library of the first 
fabrication technology, may generate a third possible design 
for core 220 using the first HDL description, the first clock 
frequency, a second fabrication technology, and a first cell 
library of the second fabrication technology, may generate a 
fourth possible design for core 220 using a second HDL 
description, the second clock frequency, the second fabri 
cation technology, and the first cell library of the second 
fabrication technology, etc. 

At step 408, design system 300 may perform logic syn 
thesis and placement and routing for each combination of 
the identified sets of circuit design architectures, fabrication 
technologies, cell libraries, and clock frequencies (e.g., for 
each possible design for core 220). For example, if system 
300 identifies first and second design architectures, first and 
second fabrication technologies, first and second cell librar 
ies associated with each fabrication technology, and first and 
second clock frequencies, system 300 may perform logic 
synthesis and placement and routing for a first implemen 
tation of processing circuitry 220 that includes the first 
design architecture, first fabrication technology, first cell 
library, and first clock frequency, a second implementation 
that includes the first design architecture, first fabrication 
technology, first cell library, and second clock frequency, a 
third implementation that includes the first design architec 
ture, first fabrication technology, second cell library, and first 
clock frequency, a fourth implementation that includes the 
first design architecture, first fabrication technology, second 
cell library, and second clock frequency, a fifth implemen 
tation that includes the second design architecture, first 
fabrication technology, first cell library, and second clock 
frequency, etc. 

At step 410, design system 300 may perform physical 
extraction and estimate the total power consumption of each 
combination of identified sets of circuit design architectures, 
fabrication technologies, cell libraries, and clock frequen 
C1GS. 

At step 412, design system 300 may generate (populate) 
one or more cost functions for optimizing based on each 
combination of the identified sets of circuit design architec 
tures, fabrication technologies, cell libraries, and clock fre 
quencies (e.g., based on each possible design implementa 
tion of core 220). For example, design system 300 may 
compute a corresponding value for the identified cost func 
tion for each implementation of circuitry 220 (e.g., for each 
combination of the identified sets of circuit design architec 
tures, fabrication technologies, cell libraries, and clock fre 
quencies). The cost function may, for example, take as an 
input, the particular design architecture, fabrication technol 
ogy, cell library, and clock frequency that is used and output 
a corresponding cost function value. 
The cost function used by design system 300 may be, for 

example, a power efficiency function, an area efficiency 
function, a dollar per compute function, or any other desired 
cost function that models the cost of implementing a par 
ticular design for core 220 in a desired unit (e.g., the dollars 
a particular design will cost, the chip area a particular design 
will cost, the power a particular design will consume, etc.). 
In an example where system 300 computes a power effi 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
ciency cost function, system 300 may simulate the power 
efficiency of each combination of design language descrip 
tion, technology, cell library, and clock frequency. Each 
particular combination of design language description, tech 
nology, cell library, and clock frequency that is modeled will 
generate a corresponding cost function value (e.g., a value 
output by the cost function). The set of all of the outputted 
cost function values generated for each possible combina 
tion of the obtained sets of technologies, cell libraries, clock 
frequencies, and design language descriptions will generate 
a corresponding 5-dimensional cost function Surface. 

In general, the set of all computed cost function values 
may be an N+1 dimensional cost function surface, where N 
is the number of different variables of the cost function (e.g., 
N is equal to four in the example where different circuit 
design architectures, fabrication technologies, cell libraries, 
and clock frequencies are obtained). In this way, design 
system 300 may populate an N+1 dimensional cost function 
Surface (e.g., a data structure of cost function output values 
computed by populating the cost function that, when plotted, 
forms an N+1 dimensional Surface) based on the design 
variables to be optimized. The design equipment may mine 
the aggregated experiment data to determine whether the 
selected design actually has optimum power, area, and 
performance characteristics. In other words, the cost func 
tion Surface may be optimized (e.g., minimized) to deter 
mine an optimal combination of the inputs to the cost 
function. 
At step 414, design system 300 may optimize the gener 

ated cost function (e.g., the generated N+1 dimensional 
Surface). For example, design system 300 may compute a 
global minimum value of the cost function (e.g., a global 
minimum of the N+1 dimensional surface) and may identify 
the corresponding design parameters (e.g., inputs) that pro 
duced the global minimum value (e.g., the particular circuit 
design architecture, fabrication technology, cell library, and 
clock frequency that minimized the cost function). The 
optimal design for core 220 may be defined herein as the set 
of variables/inputs (e.g., the technology, cell library, clock 
frequency, and design language description) to the corre 
sponding cost function that optimized that cost function. 
At step 416, design system 300 may provide the opti 

mized design parameters (e.g., the design parameter inputs 
to the cost function that minimized the cost function) to 
circuit construction and fabrication equipment. The fabrica 
tion equipment may build and fabricate processing circuitry 
220 on integrated circuit 116 having the optimized design 
parameters. For example, the cost function may be mini 
mized for a particular circuit architecture A, a particular 
fabrication technology T, a particular cell library L, and a 
particular clock frequency F. The fabrication equipment may 
generate core 220 having optimized architecture A using cell 
library L of fabrication technology T and may configure 
clocking circuitry 232 to clock core 220 with frequency F. In 
this way, core 220 may have dynamically optimized design 
constraints (e.g., core 220 may optimize area and power 
consumption in integrated circuit 116, etc.). By allowing 
clock frequency F to be optimized in addition to other inputs 
to the cost function, the design of core 220 may be more 
efficient than scenarios where clock frequency is provided as 
a fixed design constraint to the cost function (e.g., because 
allowing clock frequency F to vary allows clock frequency 
F to be optimized with respect to some fixed clock frequency 
design constraint). 
The example of FIG. 4 is merely illustrative. If desired, 

one or more of the design constraints (e.g., the circuit design 
architectures, fabrication technologies, cell libraries, and 
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clock frequencies) may be held fixed to one or more other 
optimal design constraints. In other words, design system 
300 may, if desired, optimize one or more of the design 
constraints without optimizing the other potential design 
constraints. In one Suitable arrangement, design system 300 
may determine an optimized clock frequency for core 220 
by optimizing a corresponding cost function (e.g., while 
holding the technology, cell library, and/or set of hardware 
design language descriptions as fixed constraints). By hold 
ing some design constraints fixed (e.g., fixing cell library, 
etc.), equipment 300 may reduce the time required to 
determine the optimal design for core 220 relative to when 
no constraints are fixed. 

FIG. 5 is an illustrative plot showing how equipment 300 
may populate a cost function using a number of different 
clock frequencies for a fixed circuit design architecture, 
fabrication technology, and cell library. In this example, 
design system 300 may generate multiple implementations 
for core 220 having the fixed circuit design architecture, 
fabrication technology, and cell library but varying clock 
frequencies. Design system 300 may input each implemen 
tation of circuit 220 to a corresponding cost function C to 
output points 500 of cost function C (e.g., design system 300 
may populate cost function 502 using cost function value 
points 500). Curve 502 may represent the cost function for 
the particular implementation of core 220 with differing 
clock frequencies. Cost function C may be, for example, a 
chip area efficiency cost function that takes different clock 
frequencies as an input, a power efficiency cost function that 
takes different clock frequencies as an input, a cost effi 
ciency cost function (e.g., a dollar per compute cost func 
tion) that takes different clock frequencies as an input, etc. 

Design system 300 may compute the global minimum 
C(F) of curve 502 and may identify a clock frequency F. 
associated with the global minimum of curve 502 (e.g., the 
clock frequency Fat global minimum C(F) of curve 502). 
Clock frequency F may thereby be the optimal clock 
frequency for circuitry 220, because clock frequency F. 
minimizes cost function C (e.g., the input value that opti 
mizes/minimizes cost function C may be defined as the 
optimal input value). Core 220 may subsequently be fabri 
cated with clock frequency F (and the fixed design language 
description, technology library, and cell library) and may be 
optimized with respect to cores having a fixed clock fre 
quency constraint. 

If desired, additional design constraints (parameters) may 
be varied to increase the flexibility of optimization at the 
expense of time required to generate the optimized design 
constraints. FIG. 6 is an illustrative plot showing how a cost 
function may be populated using a number of different clock 
frequencies and circuit designs for a fixed fabrication tech 
nology and cell library. In this example, design system 300 
may generate multiple implementations (designs) of core 
220 having the fixed fabrication technology and cell library 
but varying clock frequencies F and design architectures A 
(e.g., hardware design language descriptions A). Input 
parameters F and A may be continuous or discrete values. 
Design system 300 may input each implementation of circuit 
220 into cost function C to output points 600 of cost function 
C (e.g., while processing step 412 of FIG. 4). After popu 
lating cost function C, three-dimensional Surface 602 may 
represent the cost function for the particular implementation 
of core 220 with differing architecture designs and clock 
frequencies. 

Design system 300 may compute the global minimum 
C(FA) of surface 602 and may identify clock frequency 
F and architecture design A associated with the global 
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minimum (e.g., the clock frequency F and architecture 
design A at which cost function C is minimized). Clock 
frequency F may thereby be the optimal clock frequency for 
circuitry 220 and architecture design A may thereby be the 
optimal architecture design for circuitry 220, because archi 
tecture A and frequency F minimizes cost function C. Core 
220 may subsequently be fabricated using architecture A 
and clocked at frequency F (using the fixed technology and 
cell libraries) and may thereby be optimized with respect to 
cores having a fixed clock frequency constraint and a fixed 
architecture. 
By varying architecture in addition to clock frequency, a 

core 220 fabricated using architecture A and clock F may 
be more efficient than a core fabricated using clock F and 
fixed architecture Such as a core generated according to FIG. 
5 (e.g., more power efficient in the scenario where cost 
function C is a power efficiency cost function, more chip 
area efficient in the scenario where cost function C is an area 
efficiency cost function, more cost efficient in the scenario 
where cost function C is a dollar per compute cost function, 
etc.), whereas more time may be required to determine 
optimal architecture A and clock F as in FIG. 6 than to 
determine only clock F as in FIG. 5. 

If desired, cost function C may be generalized to a surface 
of N+1 dimensions, where N is equal to one greater than the 
number of variable design constraints (e.g., a five dimen 
sional Surface when the circuit design architecture, fabrica 
tion technology, cell library, and clock frequency is varied, 
a four dimensional Surface where clock frequency, technol 
ogy, and design architecture are varied, etc.). The N--1 
dimensional surface may thereby be minimized or otherwise 
optimized to determine each optimal design parameter (in 
put). This example in which cell library, clock frequency, 
technology library, and hardware design language descrip 
tion are the design parameters that are optimized is merely 
illustrative and, in general, any desired logic design con 
straints may be optimized for fabricating optimal processing 
circuits 220. By optimizing at least the clock frequency of 
cores 220 using cost function C, design equipment 300 may 
generate cores that are more efficient than cores designed 
under the assumption that clock frequency is a predeter 
mined, fixed (non-variable) constraint. By allowing any 
desired combination of design parameters to be varied, 
equipment 300 may flexibly optimize the efficiency of cores 
220 or any other desired processing circuitry. 
The foregoing is merely illustrative of the principles of 

this invention and various modifications can be made by 
those skilled in the art without departing from the scope and 
spirit of the invention. The foregoing embodiments may be 
implemented individually or in any combination. 
What is claimed is: 
1. A method of operating circuit design computing equip 

ment, the method comprising: 
with the circuit design computing equipment, discovering 

an optimized design constraint associated with an inte 
grated circuit; 

with the circuit design computing equipment, discovering 
an optimized clock signal frequency for the integrated 
circuit; and 

with the circuit design computing equipment, outputting 
the discovered optimized clock signal frequency and 
the discovered optimized design constraint for the 
integrated circuit to external equipment, wherein dis 
covering the optimized design constraint comprises: 
populating a cost function using a plurality of different 

fabrication technology libraries for the integrated 
circuit; and 
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identifying a fabrication technology library of the plu 
rality of different fabrication technology libraries 
that minimizes the populated cost function as the 
optimized design constraint. 

2. The method defined in claim 1, wherein discovering the 
optimized clock signal frequency comprises: 

populating the cost function using a plurality of different 
clock signal frequencies; and 

identifying a clock signal frequency of the plurality of 
different clock signal frequencies that minimizes the 
populated cost function as the optimized clock signal 
frequency. 

3. The method defined in claim 1, wherein discovering the 
optimized design constraint further comprises: 

populating the cost function using a plurality of different 
circuit design architectures for the integrated circuit; 
and 

identifying a circuit design architecture of the plurality of 
different circuit design architectures that minimizes the 
populated cost function as the optimized design con 
straint. 

4. The method defined in claim 3, wherein the plurality of 
different circuit design architectures comprises a plurality of 
different aspect ratios for the integrated circuit, populating 
the cost function comprises populating the cost function 
using the plurality of different aspect ratios, and identifying 
the circuit design architecture of the plurality of different 
circuit design architectures comprises identifying an aspect 
ratio of the plurality of different aspect ratios that minimizes 
the populated cost function as the optimized design con 
straint. 

5. The method defined in claim3, wherein the plurality of 
different circuit design architectures comprises a plurality of 
different pin layouts for the integrated circuit, populating the 
cost function comprises populating the cost function using 
the plurality of different pin layouts, and identifying the 
circuit design architecture of the plurality of different circuit 
design architectures comprises identifying a pin layout of 
the plurality of different pin layouts that minimizes the 
populated cost function as the optimized design constraint. 

6. The method defined in claim 1, wherein discovering the 
optimized design constraint further comprises: 

populating the cost function using a plurality of different 
cell libraries for the integrated circuit; and 

identifying a cell library of the plurality of different cell 
libraries that minimizes the populated cost function as 
the optimized design constraint. 

7. A method of using circuit design equipment to design 
a processing circuit, the method comprising: 

with the circuit design equipment, identifying a plurality 
of clock signal frequencies for the processing circuit; 

with the circuit design equipment, identifying an optimal 
clock signal frequency from the plurality of clock 
signal frequencies; and 

with the circuit design equipment, providing a logic 
design that implements the identified optimal clock 
signal frequency to circuit fabrication equipment for 
fabricating the processing circuit based on the logic 
design and the identified optimal clock signal fre 
quency, wherein identifying the optimal clock signal 
frequency of the plurality of clock signal frequencies 
comprises: 
synthesizing, placing, and routing a first circuit design 

having a first clock signal frequency of the identified 
plurality of clock signal frequencies; 

synthesizing, placing, and routing a second circuit 
design having a second clock signal frequency of the 
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identified plurality of identified clock signal frequen 
cies that is different from the first clock signal 
frequency; 

after synthesizing, placing, and routing the first circuit 
design, and after synthesizing, placing, and routing 
the second circuit design, generating a cost function 
based on the synthesized, placed, and routed first 
circuit design and the synthesized, placed, and routed 
second circuit design; and 

optimizing the generated cost function to identify the 
optimal clock signal frequency. 

8. The method defined in claim 7, wherein optimizing the 
generated cost function comprises: 

inputting the synthesized, placed, and routed first circuit 
design to the generated cost function to generate a first 
cost function value; 

inputting the synthesized, placed, and routed second cir 
cuit design to the generated cost function to generate a 
second cost function value; 

identifying whether the first cost function value is less 
than the second cost function value; 

in response to identifying that the first cost function value 
is less than the second cost function value, identifying 
the first clock signal frequency as the optimal clock 
signal frequency; and 

in response to identifying that the second cost function 
value is not less than the second cost function value, 
identifying the second clock signal frequency as the 
optimal clock signal frequency. 

9. The method defined in claim 7, wherein the cost 
function comprises a power efficiency cost function. 

10. The method defined in claim 7, wherein the cost 
function comprises a chip area efficiency cost function. 

11. The method defined in claim 7, wherein the cost 
function comprises a dollar per compute cost function. 

12. The method defined in claim 7, further comprising: 
with the circuit design equipment, identifying a plurality 

of hardware description language files for the given 
logic design; 

with the circuit design equipment, identifying an optimal 
hardware design language description file for the given 
logic design; and 

with the circuit design equipment, providing the identified 
optimal hardware description language file to the fab 
rication equipment for fabricating the processing cir 
cuit based on the given logic design, the identified 
optimal clock signal frequency, and the identified opti 
mal hardware description language file. 

13. The method defined in claim 12, further comprising: 
with the circuit design equipment, identifying a plurality 

of fabrication technology libraries for the given logic 
design; 

with the circuit design equipment, identifying an optimal 
fabrication technology library for the given logic 
design; and 

with the circuit design equipment, providing the identified 
optimal fabrication technology library to the fabrica 
tion equipment for fabricating the processing circuit 
based on the given logic design, the identified optimal 
clock signal frequency, the identified optimal hardware 
description language file, and the identified optimal 
fabrication technology library. 

14. The method defined in claim 13, further comprising: 
with the circuit design equipment, identifying a plurality 

of cell libraries for the given logic design; 
with the circuit design equipment, identifying an optimal 

cell library for the given logic design; and 
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with the circuit design equipment, providing the identified 
optimal cell library to the fabrication equipment for 
fabricating the processing circuit based on the given 
logic design, the identified optimal clock signal fre 
quency, the identified optimal hardware description 
language file, the identified optimal fabrication tech 
nology library, and the identified optimal cell library. 

15. The method defined in claim 12, further comprising: 
with the circuit design equipment, identifying a plurality 

of pin layouts for the given logic design; 
with the circuit design equipment, identifying an optimal 

pin layout for the given logic design; and 
with the circuit design equipment, providing the identified 

optimal pin layout to the fabrication equipment for 
fabricating the processing circuit based on the given 
logic design, the identified optimal clock signal fre 
quency, the identified optimal hardware description 
language file, and the identified optimal pin layout. 

16. A method of operating circuit design equipment, the 
method comprising: 

with the circuit design equipment, identifying a logic 
design for a circuit, wherein the logic design specifies 
a plurality of chip area constraints for the circuit; 

with the circuit design equipment, identifying a plurality 
of clock signal frequencies for the circuit; 

with the circuit design equipment, generating a cost 
function based on the plurality of chip area constraints 
and the plurality of clock signal frequencies for the 
circuit; and 

with the circuit design equipment, optimizing the gener 
ated cost function to identify an optimal clock signal 
frequency of the plurality of clock signal frequencies 
and an optimal chip area constraint of the plurality of 
chip area constraints for the circuit. 

17. The method defined in claim 16, further comprising: 
with the circuit design equipment, providing the logic 

design, the identified optimal chip area constraint, and 
the identified optimal clock signal frequency to inte 
grated circuit fabrication equipment, wherein the inte 
grated circuit fabrication equipment is configured to 
fabricate an integrated circuit chip having the logic 
design, the optimal chip area constraint, and the opti 
mal clock signal frequency. 

18. The method defined in claim 16, wherein the plurality 
of chip area constraints comprises a plurality of pin layouts 
for the circuit and optimizing the generated cost function 
comprises identifying an optimal pin layout of the plurality 
of pin layouts for the circuit. 
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19. The method defined in claim 16, wherein the plurality 

of chip area constraints comprises a plurality of aspect ratios 
for the circuit and optimizing the generated cost function 
comprises identifying an optimal aspect ratio of the plurality 
of aspect ratios for the circuit. 

20. The method defined in claim 16, wherein generating 
the cost function based on the plurality of chip area con 
Straints and the plurality of clock signal frequencies for the 
circuit comprises identifying a surface of at least three 
dimensions, wherein optimizing the generated cost function 
comprises identifying a global minimum of the surface, and 
wherein the optimal chip area constraint and the optimal 
clock signal frequency correspond to a point on the surface 
at the global minimum. 

21. The method defined in claim 16, wherein generating 
the cost function based on the plurality of chip area con 
Straints and the plurality of clock signal frequencies for the 
circuit comprises: 

generating a first cost function value by inputting a first 
chip area constraint of the plurality of chip area con 
straints and a first clock signal frequency of the plu 
rality of clock signal frequencies to the cost function; 
and 

generating a second cost function by inputting a second 
chip area constraint of the plurality of chip area con 
straints and a second clock signal frequency of the 
plurality of clock signal frequencies to the cost func 
tion, wherein the first chip area constraint is different 
from the second chip area constraint and the second 
clock signal frequency is different from the first clock 
signal frequency, and wherein optimizing the generated 
cost function comprises: 
identifying which of the first and second cost function 

values is smaller; 
in response to identifying that the first cost function 

value is smaller than the second cost function value. 
identifying the first chip area constraint as the opti 
mal chip area constraint and identifying the first 
clock signal frequency as the optimal clock signal 
frequency; and 

in response to identifying that the second cost function 
value is smaller than the first cost function value, 
identifying the second chip area constraint as the 
optimal chip area constraint and identifying the 
second clock signal frequency as the optimal clock 
signal frequency. 


