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HARDWARE-ASSISTED DESIGN VERIFICATION SYSTEM USING A PACKET-
BASED PROTOCOL LOGIC SYNTHESIZED FOR EFFICIENT DATA LOADING AND
UNLOADING

FIELD OF THE INVENTION

This invention generally relates to digital hardware design verification systems and

. more particularly to hardware-assisted design verification systems that use a hardware

accelerator for logic simulafion.
BACKGROUND OF THE INVENTION
In modern electronics industry, many digital hardware designs are described in a
hardware description language. For example, the IEEE standard 1364-1995 hardware
description language defined in “IEEE Standard Hardware Description Language Based on

" the Verilog Hardware Description Language,” published in 1996 by IEEE, is one of the

popular hardware description languages. A digital hardware design written in such a
hardware description language has to be verified for its intended functionality before it is
compiled to generate the final netlist for manufacturing. This design verification task has

long been associated with logic simulation.

A hardware-assisted design verification system uses a hardware accelerator to enhance
the performance of logic simulation for a class of design verification tasks that require higher
performance than a software-based verification system can provide. The hardware accelerator
is a specialized logic simulation machine consisting of a large number of logic processors,
each capable of shnulatmg a logic gate. For example, the U.S. patent 4,306,286 “Logic
Simulation Machine” issued December 15, 1981 to Cocke et al. discloses such a logic
simulation machine. It is noted that it is possible to perform verification without using such a
hardware accelerator.

One type of hardware device useful as a hardware accelerator is the Cobalt™ product
from Quickturn Design Systems, Inc., San Jose, California (the assignee of the present
invention). In a typical hardware-assisted design verification system, the hardware accelerator
is connected to a host workstation, which runs a verification contro! program to load the

compiled design under verification (also referred to herein as “DUV” or “user design”) into
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15 Initial loading of the DUV into the hardware accelerator is usually done through a very
general 1/O interface like the SCSI interface. It is possible to use this I/O interface to access a

small number of signals in the DUV during logic simulation. In that case, the interface
control program in the hardware accelerator first identifies the requested signals, locates them,
reads their values, and sends them back to the host workstation.

20 Signal visibilify operations usually include not only operations to examine the
intermediate value of a particular signal but also operations to deposit a logic value on the
signal for subsequent simulation steps. Using these basic operations, the user can examine the
value of a register or deposit a value on the register by accessing a group of signals
corresponding to the register bits. By accessing a group of related registers, the user also can

25  write data to or read data from a memory. ‘

In order to take advantage of the advanced semiconductor chip technologies, an
increasing number of DUVs include memories of large capacity. With the conventional

signal visibility operations, it takes a long time to load data to or unload data from the large-
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The output signals are assigned to the bits of the output data buffer, while the input

signals are assigned to the bits of the input data buffer. For an examine operation (i.e.,
observing or reading the value of a signal), the verification control program initiates a dat_a
20  transfer to send the signal values stored in the output data buffer to the host workstation and
selects the values of the requested signals. For a deposit operation (i.e., writing the value of a
signal), the verification control program assembles the values to deposit and initiates a data
transfer to send them to the input data buffer in the hardware accelerator. Additional wiring
and logic components required for interfacing to the DUV are synthesized when the DUV is
25  compiled for logic simulation.
The wiring and logic components synthesized for signal visibility operations are not
part of the DUV, but virtual components merged with the DUV for logic simulation. Virtual

logic components are often used for a testbench that generates inputs to the DUV and checks
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t he val a‘gge-ﬂ.\@lggl%gq Intexeonoget issusdSepicrabar 28, 1999 to Sample et al., w scloses
a hardware emulation system that time-multiplexes multiple design signals onto physical logic

-
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- chip pins and printed circuit board. Another disclosure relating to time-multiplexing is
disclosed in U.S. Patent 6,020,760, entitled “I/O Buffer Circuit with Pin Multiplexing” issued
20  February 1, 2000 to Sample et al, which discloses an integrated circuit for implementing
reconfigurable logic with an input/output buffer circuit time-multiplexing at least two signals
onto an input/output pin to increase the effective I/O pin availability. U.S. Patents 5,596,742,
5,960,191 and 6,020,760 are incorporated herein by reference in their entirety.
Although these time-multiplexing methods can effectively increase the number of
25  visible signals ﬁrough the data buffers, they do not address the performance issue in
accessing the registers and memories in the DUV. Grouping of the signals.required to access
a register or memory can reduce the overhead incurred by gathering and scattering the bit

values for the signals in a group. This signal grouping method may, however, impose severe
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An embodiment of the present invention uses a new packet-based protocol to perform

data transfer operations between the host workstation and the hardware accelerator for loading
data to and unloading data from the registers and memories in a target design under
verification (also known as the target design or user's design). The protocol may be based on
\}ariable—size request and response packets. A request packet may be an incoming packet from
the host workstation to the hardware accelerator and includes a command, an argument, and
optionally data, while a response packet may be an outgoing packet from the hardware
accelerator to the host workstation and includes read data from the target register or memory
in the DUV.

In an aspect the present invention, a method for compiling a user's design is disclosed
where all the memories and registers in the user's design are identified. After the memories
and registers are identified, accesibility logic is synthesized into the user's design. The

accessibility logic comprises access ports to the memories and registers.
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' packet-based protocol logic for providing access to registers and memories in a target design
when performing functional verification using a hardware accelerator, comprising:

determining fixed sizes of a request packet, said request packet comprising tag, command, and
data end fields; counting how many of the registers are present in the target design; counting

how many of the memories are present in the target design; determining a maximum

identification field size of said request packet; determining a maximum number of data bits of

the registers in the target design; determining a maximum number of data bits of the memories

in the target design; determining a maximum number of address bits of the memories in the

target design; and determining a maximum number of bits to send the register data, memory

data, and memory address to the target design to determine data field size of said request

packet.

In an embodiment of the present inventions, a unique identifier is assigned to each of

the memories and registers in the user's design.
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response packet to the host workstation.

The above and other preferred features of the invention, including various novel
details of implementation and combination of elements will now be more particularly
described with reference to the accompanying drawings and pointed out in the claims. It will
be understood that the particular methods and circuits embodying the invention are shown by
way of illustration only and not as limitations of the invention. As will be understood by
those skilled in the art, the principles and features of this invention may be employed in

various and numerous embodiments without departing from the scope of the invention.




packet. In an enbodi nent of the present inventions, a uni q“%OiAg)‘?ipﬁééé er is
assigned to each of the nenories and registers in the user™s design. 20
April 2009 B&6IA7 yet anot her enbodi ment of the present i RGENSPEIBE he
accessibility logic conprises selecting logic. This selecting logic is
adapted to receive the unique identifier and select a particular one of
the menories or registers in the user's design. In another enbodi nent of
the present invention, the accessibilify logic conprises logic to read
fromor wite to the particular one of the nenories or registers in the
user's design. In yet another enbodi nent of the present invention, the
accessibility | ogic conpr BRIEF DESCRIE i AWIN(aS commands from a

host and conjrol s executi,on of radi n nd. wWeithn . menori es
and regi st eréeﬁg'r?nf’ﬁg madeto %éé’&?‘&ﬂ?ﬂb?% Ws%whﬁ%ﬁés%%%%}lg%@@? and
I €S PONSEmBEHieAIS of AsRER P &Rl intéHiidh! AGR WHEH fovePftalites Ayniibatigedinbe conpi | e
time with the size paraneters of the registers and nenories in the target

DUV andappsragi.nul ated with the target DUV at run time. The synthesized

protocol interface dogi.c may incl ud : I r i: e

o ne, a chinh i HobaeerBLptae st BRGAT BRI BF Brofed ikEpTbBlr

read angmdsized f2ahleRhmpRaicSich ahdéateafitapior®@id unl oadi ng operations. It

may decode a_request &%Cket romthe verification conif;lgbvorog@m_ r unni ng
a

on the host WarkAtiae blpsk dirgras of heaegistercblocksin the @awg YrPOUR £, |f
the co gfnﬁnﬁ ta wite request, the protocol interface |ogic may
PR, infecbof ekt

wite the data 1n acket into the target register or nenory |ocation.
| f the comreRig. 2B iva bletiadiagash oLile @sdmory bibcks i the exampla DAV acwplédgite may
read data fromthe target register or nenory location and send it in a

r esibnsibe prtreo] mterfaqedogisst wor kst ati on. The above and other preferred

features of flies| i NG %‘T&ﬁ: 'lfi‘ doRét Mok fgﬁt blogolqht
i npl enent ati%lg' ?é%@’(gég%%e:&%?c} onll e élsr[géltcs Vq\l{(?P nov?/ e Iﬁoroeo parelt.f?%eul arly
descri biegien t h reference to the acconpanyi ng drawi ngs and pointed out in

the clains. |t will 6 b derstood that the tic t hods and circuits

enbodyi ng thﬁgi w%%@?%&dﬁ@mwwqﬁdrﬁggi"%i"%ﬁ"’(ﬂﬁ?@" nd not as

limtatjy Qforggéje invention. As will be understood by those skilled in
the pri

the art, nci ples and features of this invention nmay be enployed in
variSous and Fign®isoudetsitedddockedisgrami aftivaneadidgga biack gf fheqrotohel istetipes logict he

| nvention. Z[Qigfag Es.l :«{ ch%gtoogfprotocol commands handled by the protocol interface logic.
Fig. 7 is a detailed block diagram of the éonnnand decode block of the protocol
interface logic.
Fig. 8 is a diagram of the states and state transitions of the protocol interface logic.
20 Fig. 9 is a detailed block diagram of the state control block of the protocol interface
logic.
| Fig. 10 is a detailed block diagram of the read/write control block of the protocol
interface logic.
Fig. 11A is a timing chart of the execution of register write commands in the protocol
25 interface logic.
Fig. 11B is a timing chart of the execution of register read commands in the protgcol

interface logic.
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Is made to the acconpanying drawi ngs in which are shown illdstratrve

enbodi mreWOs02863@%pect s of the invention, from which novePCTaBIUFBEE and
advantages will be apparent. 5 Fig. 1 is a block diagramof the subject
systemillustrating the protocol interface logic synthesized for an

exanpl e desi.gn under verification or DUV. Fig. 2A is a block diagramof the
regi ster -bl ocks in the exanple DU couPled with the protocol interface
logic. Fig. 2B is a block diagramof the nmenory bl ocks in the exanple DWW
coupled with 10 the protocol interface logic. Fig. 3 is a detailed block
di agr am of t Fiz. pHE keed tilnin@ diadeif thef exetisioproftmeseiry witte compendsoigithe prefagol 4 i s
a detailed_.bl ock diagramof the nenory address bl ock of the protocol

i nterf al¥eIfa5§198IC15 Fig. 5 is a detailed bl ock di agram of the read data

bl ock of theppy 911969k tildMEEHAUT thd@ebutionfdfinenfory Fead diahindefin HePreroed]
commands handl’ed by the protocol interface logic. Fig. 7 is a detailed

bl ock dimdefamiegic.t he command decode bl ock of the protocol interface |ogic.
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control jdyick of the protocol interface logic. Fig. 10 is a detailed block
di agram of the read/wite control bl ock of thefprotocol terface | ogic.

Fig. 11A i s Big i¥isrddsitadfloy chaveofdheempuspiianrofiheprotasel fiflleges ds in
e o ohfigh plapkpigAL oo oo o, L s e timng chart of the
April 2005 ¥R, 02{sQ6¢haiTedHol tiabildaRsEmsBuction of the components of the protocol
10 interface logic.
Fig. 15 is a flow chart of the run-time operations for simulation of the DUV with the
protocol interface logic. .
-Fig. 16 is a code listing of the definitions and declarations of constants, variables, and
finctions used to describe the operations with the protocol interface logic. ‘
15 Fig. 17 is a code listing of the fimctions for sending packets to and receiving packets
from the protocol interface logic. | '
Fig. 18 is a code listing of the functions to write register, read register, wrile memory,

and read memory with the protocol interface logic.

20 DETAILED DESCRITPION OF THE INVENTION
Turning to the figures, the presently preferred apparatus and methods of the present
invention will now be described.
A first step is to identify memories and registers present in the DUV. In one
embodiment, this first step involves identifying all of the memories and registers of the DUV,
25  Inanother embodiment, this first step involves identifying only a subset of the memories and
registers present in the DUV. In this embodiment, the user must identify those memories and
registers that are of particular concern or interest. An advantage to only identifying a subset
of the memories and registers of the DUV is that the DUV can be compiled for verification




Fig. 11 Cis a timng chart of the execution of nenory writg %%&S in
the protocol interface logic. Fig. 1 IDis a timng chart P APH ecution
of menor Wwo®@ad3sm®dmuands in the protocol interface |ogi cPCFUp01/38388 s a fl ow
chart .of the conpile-tine steps to generate the protocol interface |ogic.
Fig. 13 is a detailed flow chart of the conputation of the protocol field
sizes for the protocol interface logic. Fig. 14 is a detailed flow chart

of the construction of the conponents Bf the protocol 10 interface |ogic.
Fig. 15 is a flow chart of the run-tine operations for sinulation of the
DUV with the protocol interface logic. Fig. 16 is a code listing of the
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| Fig. 1 is a block diagram of a preferred embodiment of the present invention. Fig. 1

-shows both the design under verification (DUV) 30, along with the logic synthesized to

15  provide much better access to the memories and registers of the DUV 30. Fig. 1 shows a host

workstation 10 connected via a communication channel 14 to a hardware accelerator 20,
which simulates a design under verification (DUV) 30, and the protocol interface logic 40
synthesized for the DUV 30 for efficient data loading and unloading operations. A control
program 11 is a verification control program that runs on the host wotkstation 10 to load data
20  into and unload data from the registers and memories in the DUV 30 through the protocol
interface logic 40. An exemplary hardware accelerator 20 is the Cobali™ product available
from Quickturn Design Systems, Inc. An exemplary control program 11 is the PowerSuite™
software package, available from Quickturn Design Systems, Inc..
‘When the control program 11 loads data into a register or memory location in the
25 DUV 30, it first sends a write command with data into the data buffer 13 via an internal bus
12 and then initiates a data transfer from the data buffer 13 to a data buffer 21 in the hardware

“accelerator 20 via the communication channel 14. The protocol interface logic 40 receives the




those specific nenories and registers identified. As w | bg g{sg®§ed I n
nore detail below, once the nenories and registers have be PI PY I'fied,

t hey nmuswobe/oessdexed so that each 5 identified nmenory an@®Cragpes3ss has a
uni que identifier. The second step is to synthesize logic that will be
added to the DUV. This synthesized logic wll provide access to the
registers and nenories identified in the first step. The logic synthesized
in this second step will be discussed Iih detail below. |In general, however,
this synthesized logic will conprise selecting logic that receives the

uni que identifier discussed 10 above so that a particular nenory or

r egi st efvricedoniraastariosdtd datr frdme dith dugn buffam?i] tand gxeclites thdwiitk oneparidsot he step
of creating a path to the registers and nmepories._This step wll also be
di scusskad i dptamtqthe dargg! register exguemppyy logatiog i thg BEY M- agr am of a preferred

enmbodi nrent o 0 i ' ' | der
verificati onh?%&écﬁ%g#’%’ﬁg%ﬂl% Hﬂ? ﬁ%ﬁ}ag{blﬁ%msa?ﬁ eg?@%lgm{o gﬂfgﬁf)drng% iﬂl(l:IH; much
Eetter E)t%éB&,itﬁrstkwdldsmmmdifmmmammmghsdmbuﬁ‘ér Bhéamrf\mtbﬁtlml'ﬁilsgu andsﬂ;em{vzI a
ost. workstation 10 connected via.a.co nj cation_chapn 4 to a hardware
accel ergﬂet&ﬂte%pc}ata topmster %@%P%ﬂ&bu}fe&égitg}ﬁédﬁwéﬁﬁ a’ﬁtﬁlﬁaﬁﬁvabe\/) 30, and
the propoelathYoRyih ffed cdtdn hYeN €5 lfroglfcof PierBlV 163 A@fecilrEd i ent

|
data | oadi ng and unl oadi ng operations. A con program1l is a
veri f i ced oomoand fiom thedgladmifehat andiexscoles it hewhload date flost theitasgetregister | oad

data 20 into and unl aa omthe reqist n nor.es i n,t.he.DUV 30
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An exenpl ary control program 11l is the PowerSuiteTM software packa%g,

rigm 11

avallQ abérerdtropriniatediyithe enticd progyare d hewhich ceceivein the datrefremibe data pulley
| oads dat i.n]&o mreg&ster or nenory location in the 25 DUV 30, it first
sends a GRS Bd“with data into the data buffer 13 via an internal bus

12 and then ARifsti@ds6d, the prdtotol mbimbeloghd AMstahpedlaltigie\¢ihtbesided forthe Diav a
buffer 21 in the hardware accelerator 20 via the_comunication channel 14.

The pr o3& clala praseatly peefetrehpmbariimeric piojass! infasfase logig 40 comprises pesksbl/'B63507-

PCT/ US 0338 ' ! i f .he r 21 and
excecut cBopR ety et Bickh WP ARt cbh Rt B bR B AL B T
MENty y hemaiy liréss bldek 4BLbhd3Rad Whebldck@scont rol program 11 unl oads data
froma register or nenory |location in the ,. It first sends a, read

DUV 30
command i nt olhspackel 140 bldok &l hodissogneand and wajte data fipsn the hesliverkstation 10
in its incoming packet register (not shown in Fig. 1). Packet I/O block 41 also holds

information and read data from the DUV 30 in its outgoing packet register (not shown in Fig.
1). The packet I/O block 41 receives command and write data signals 22 from the data buffer
20 21 and read data signals 57 from the read data block 46. The packet I/O block 41 sends
conirol information and read data signals 23 fo the data buffer 21 and command and data
signals 50 to the state control block 42, command decode block 43, read/write control block
44, memory address block 45, and DUV 30,
The state control block 42 holds the current state of the protocol interface logic 40 and
25  makes state transitions. The state control block 42 receives decoded command information
signals 51 from the command decode block 43 and command signals 50 from the packet /O
block 41. The state control block 42 generates state signals 52 to the read/write control block
44,




5 initiates a data transfer fromthe data buffer 13 to the ?9 }np%qlofser 21
in the hardware accel erator 20 via the communi cati on channe

pr ot ocol WiOR#6358¢e | ogi c 40 receives the read conmand f PORMUSHESOIRR a buff er
21 and executes it to unload data fromthe target register or nenory

| ocation in the DUV 30 into the data buffer 21. The data stored in the data
buffer 21 is then transferred to the data buffer 13 via the comruni cation
channel 14 by the transfer 10 operatidd initiated by the control program
11, which receives the data fromthe data buffer 13 via the internal bus

12. As discussed, the protocol interface logic 40 is a special |ogic
~synt hesi zed The canmaBl Hecod@block 43 deeslent bompand Somdle patkstl/@dieck 4k ot ocol
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(not sheowatrof hlogk44. 1). Packet 1/ 0O bl ock 41 aI so holds information and read -
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The packet bl ock 41 sends control information _and read data signals 23

to the %15@2&5 511 frpy the eommand deeedn losk 43 dthe statesinfravation pigagls o3 omy the éta% nt rol
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state oforittobblotlotd geheratos all andwritatontrdDsigieds 52 mteraklas tisd mmcblrmtesface ons.
The state control block 42 receives decoded command i nfo {Lg]ﬁf: on s als 51

fr ofl t hiegicdifhddeafeandouritsicontrolsinalipAde iaivgister gaémemony et UO

bl ock The state control block 42 generates state signals 52 to t he
read/ wite control block 44. 20 April 2005 WO 02/063507 PCT/ US01/50388 11
The comand Teemdaob) adtesd Blatkdd doidsa manvryrddfesoand wpslafesdidor memdrbl ock 41.

The command decqode bl ock 43 rece command s S Q he acket
1/ 0 bl o%q@esﬁppeﬁlﬁan@eﬂﬁlas@gmw%égﬁ’aéag Wﬁ’ﬁﬁa}ems%sg §$‘gﬁ%§|%%n81f 1{3 e ot ate
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ck 44 generates e Int ext ern read o
15 The read data block 46 receives data signals 56 from the registers and memories in the

DUV 30 and generates selected data signals 57 to the packet I/O block 41.
Fig. 2A shows three example registers REG0, REG1, and REG2, which are present in
an exemplary DUV 30, and the access logic that is synthesized into the DUV 30 to allow

reading and writing to those registers. Registers REG0, REG1, and REG2 would have been
20  identified in the first step described above. In this example, registers REG0, REG1, and
REG2 are 48-bit, 16-bit, and 32-bit registers 60, 63, and 66, respectively, which allows
demonstration of the flexibility of the various embodiments of the present invention. In the
DUV 30, registers REG0, REG1, and REG2 receive write data and control signals 32 from the
_ DUV logic 31 and generate read data signals 56 to the DUV logic 31. Data multiplexers 61,
25 64, and 67 and control multiplexers 62, 65, and 68 are synthesized and added to the DUV 30
so that the protocol interface logic 40 can load data into and unload data frdm registers REGO,
REGI, and REG2. The multiplexers 61, 62, 64, 65, 67, and 68 are controlled by the select
signal REGS in the signal group 54 from the protocol interface logic 40. RWEO, RWEL, and




control signals. The read/wite control block 44 receives t?gAdeFﬁ?J%d
command information signals 51 fromthe conmand decode bl o g e state
i nf or mat We0246308al s 52 fromthe state control block 42, PRRASIHEG it e data
signals 50 fromthe packet 1/0 block 41. The read/wite control block 44
generates read and wite control signals 53 internal to the protocol
interface 10 logic 40 and read and wite control signals 54 to the register
and nermory blocks in the DUV 30. The Zenory address bl ock 45 holds a
menory address and updates it for nmenory access operations. The nenory
address bl ock 45 receives nenory address signals 50 from the packet I/0
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bit address while MEM1 is a memory 74 with an 18-bit data and 14-bit address. These data
sizes and address lengths are selected so as to illustrate the flexibility of the invention and not
to limit the type of memories that can be present in the DUV 30. In the DUV 30, MEMO and

20 MEMI receive write data, memory address, and write enable signals 34 from the DUV logic
33 and generate read data signals 56 to the DUV logic 33. Data multiplexers 71 and 75,
address multiplexers 72 and 76, and write enable multiplexers 73 and 77 are synthesized and
added to the DUV 30 so that the protocol interface logic 40 can load data to and unload data
from MEMO and MEM1. The multiplexers 71, 72, 73, 75, 76, and 77 are controlied by the

25  select signal MEMS in the signal group 54 from the protocol interface logic 41. MWEQ and
MWE1 are the memory write enable signals in the signal group 54 from the protocol interface

logic 40 and are connected to the write enable multiplexers 73 and 77, respectively.

DIN<39:0> is a 40-bit data signal group 50 from the protocol interface logic 40 and is




group 56 to the DUV logic 31 and the protocol interface Iog'éé 40"%@9?% t he
sel ect signal REGS is not asserted, REGDO, REGL, and REQ re AP te
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BEGS is asserted, 10 REGO, REGL, and REGQ receive wite data signals 50
and control signals 54 fromthe protocol interface |ogic 40. Regardl ess of
the select signal REGS, the read data signals 56 are sent to the DUV |ogic
'31 and the protocol interface logic 403 Fig. 2B shows two exanpl e nenories
MEMO and MEM in the DUV 30, which are present in an exenplary DUV 30, and
the access logic that is synthesized into the DUV 30 to 15 allow reading
and wr i tomgeted ta fhe setampuitiplerers 70and 75 e MABNS :6n ik avEvbit wddress shgnad gtseen
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lengths and can be established by the needs of a particular system. The values in the CMD,
END, ID, and DATA fields are sent on signals 50 to the other blocks. The value in the TAG
field is sent to a 1-bit register 81, which holds the TAG value of the previous cycle. The value
20  inthe TAG field in the register 80 is checked against the previous TAG value stored in the
register 81 at the exclusive-OR gate 82 to generate NEWIN on a signal 83 to indicate whether

a new packet has arrived in the register 80. If NEWIN is one, the register 80 has received a
new packet from the data buffer 21. Although the size of the TAG field in this particular
embodiment is 1 bit in the exemplary packet I/O block 41 of Fig. 3, it can be more than 2 bits.
‘25 Inthis case, the exclusive-OR gate 82 has to be replaced by an appropriate logic block to
check the equality of the two values.
A response packet is stored in an outgoing packet register 84, and then moved on
signals 23 to the data buffer 21. In this particular embodiment, the response packet in the




sel ect signal MEMS is asserted, MEMO and MEML receive Wi tezgggﬁ S
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50, mem)w/ address signals 55, and wite enable signals 54 m?(?le
pr ot ocol 2Pl e | ogic 40. 10 Regardl ess of the sel ect PQT&F\SQF’SWWS, t he

read data signals 56 are sent to the DUV logic 33 and the protocol
interface logic 40. Fig. 3 is a detailed block diagramof the packet 110
bl ock 41 in the protocol interface Iogic 40. A request packet in the data
buffer 21 is noved via signals 22 to an'incom ng packet register 80 for
command execution. In a presently preferred enbodi nent, the request packet
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this case, the exclusive-OR gate 82 has to be repl by an appropriate

| ogi ¢ breplaced by 2 rprrrpriate lagigiblork (p widatertbe TAGT el ivalwe. A response packet is
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into three fields: 1-bit TAG 6-bit UNUSED, and 48-bit DATA fields. The
| engt h #fdressewhichicemgs thraughon address awltindexen 85 e Thampltinlexer selesigignal and can
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toggl ed by the NOTI gate 85. NEWOUT on a signal 86 controls the register 84

so that O Ehetapitipleger sglects memiory aidypse an HThinds 4> wawignals 1) (Theugredhen
VLT BppRRA ) A O el on SERGE 5539 D09 0,7,
nmore than 2 Bigt §is 4 dethibidsblodksdiagrameoMNPregatiy pfertedseddddi#block 46 in the |
o protocol interface logic 40. Three register read data RRD0<47:0>, RRD1<15:0>, and
RRD2<31:0> are sent on signals 56 to a register data multiplexer 93, which is controlled by
20 RRDS<1:0> on signals 53. The values 0, 1, and 2 of RRDS<1:0> select RRDO, RRD1, and
RRD2, respectively. Two memory read data MRD0<39:0> and MRD1<17:0> are sent on.
signals 56 to a memory data milltiplexer 94, wﬁich is controlled by MRDS on signals 53. The
values 0 and 1 of MRDS select MRD( and MRD1, respectively. The data from the
multiplexers 93 and 94 are sent to another data multiplexer 95, which is controlled by a select
25  signal MRS. The values O and 1 of MRS select the output of the multiplexer 93 and the
output of the multiplexer 94, respectively. The output of the multiplexer 95 is the final read
“data sent on signals 57 to the packet /0 block 41.
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Fig. 4 is a detailed block diagramof a presently preferred 8 nt of
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90 holds a 14-bit nenory address, which conmes through an address

mul tiplexer 91. The nultiplexer select signal MADS and the register

control signal MADE cone on signals 53. Wien MADS is zero, the nmultiplexer
91 sel ects the address increnmented by I&n address incrementer 92. \Wen MADS
is 15 one, the multiplexer selects a nmenory address on DIN<13: 0> on signals
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memory address is the address stored in the memory address register 90. When the WM

command writes the last data into the target memory, value one is put in the END field; value
zero, otherwise. When the protoco! interface logic 40 is in the memory write mode, the WM

20  command is the only command accepted and executed. The last data indication of the END
field puts the protocol interface logic 40 back in the normal non-memory mode.

The SRM (Select Read Memory) and RM (Read Memory) commands are used for
unloading data from a memory in a continuous mode. The SRM command is specified by
CMD=6 and stores the memory ID or MID in the ]D field into the memory ID register 130

25  and the start address in the DATA field into the memory address register 90. The execution
of the SRM command puts the protocol interface logic 40 in the memory read mode. The RM
command is specified by CMD=7 and reads data from the target memory indicated by the

memory ID register 130; the target read memory address is the address stored in the memory




| oading data into a nenory in a continuous node. The SVWM CO?E%{;‘FQOE}S
specified by CMD=4 and stores the nenory IDor MDin the into

t he nmenowp (2063507i ster 130 in Fig. 10 and the start addPESAISPHSBEEe DATA
field into the nenory address register 90 in Fig. 4. The execution of the
SWM command puts the protocol interface logic 40 in the nenory wite 15
node. The WM conmand is specified by CMD=5 and wites the wite data in the
DATA field into the target nenory indibcated by the nenory ID register 130;
the target wite nenory address is the address stored in the nenory

- address register 90. Wen the WM comuand wites the last data into the
target nddressyegistel 20 Dhreedaisrepd frohmrthe kegdEridry lakationisstored ar the M%r W se.
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RM command The exeeution efieach VOKD: RM semmand ncyements thememmerytadegss

e R T ?toff@%ttﬁ‘%ﬁ"&%%%%@%% A

16 addr &fs WRGosinendYer HRE W enifiadl Wriegtdaerharydetativarindiyatedbptticon i s
stored in the DATA field of the outgoing packet register_84. \Wen the RM

co ni&ndn}ewasaddﬁ@ss stpzed inthememony addsess regigfen S0 andhp second Whbepmmand,yt i n
the END 20
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in Fig. 4. HﬂM sidisadapnd.
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Si ni | ar ingomingpacket segisier Qiwsando ardeepder F@O tgrgpperate ¢ 6 sifmals, which are ANDed

with NEWIN on the signal 83 to generate the WR command signal CMDWR at an AND gate
101, the RR command signal CMDRR at an AND gate 102, the SMW command signal
CMDSMW at an AND gate 103, the WM command signal CMDWM at an AND gate 104,
20  the SRM command signal CMDSRM at an AND gate 105, and the RM command signal
CMDRM at an AND gate 106, all sent on signals on 51 to the other blocks.
Fig, 8 is a diagram of the states and state transitions of the protocol interface logic 40.
There are three states: NM (Non-Memory), MW (Memory Write), and MR (Memory Read)
states, indicated by 110, 111, and 112, respectively. When simulation starts on the hardware
25  accelerator 20, the protocol interface logic 40 goes into the NM state. The execution of the
NOP, WR, and RR. commands does not change the state. The execution of the SWM
command in the NM state changes the state from NM to MW. The execution of a WM

command with END=0 and a NOP command does not change the state; the execution of a

(D




command reads the nmenory. | ocation indicated by the nenory agg £S:s @ﬁ)red I n
the nmenory address register 90, the second RM command read é%

menory | BEB@%468507and so on. Fig. 7 is a detail ed bl ock diPSFEAT/HE38%
presently preferred command decode block 43 15 in the protocol interface

| ogi c 40. CMD<2:0> on signals 50 fromthe CVMD field of the incom ng packet
register 80 is sent to a decoder 100 to generate 6 signals, which are ANDed
with NEWN on the signal 83 to generat¥ the Wt conmmand signal CVDWR at an
AND gate 101, the RR command signal CVMDRR at an AND gate 102, the SMW
command signal CMDSMW at an AND gate 103, the WM command signal CMDWM at
an AND §@Mecofrandrwith FNTSMbengesdheisiste Goat MNBSNNaThe axesntiomef the 5831 and
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control signals 54, 53, and 86 from the input signals 50, 52, and 51. ID<1:0> on the signals
50 from the ID field of the incoming packet register 80 are sent to a control logic 131 and to a

memory ID register 130. The output MID from the memory ID register 130 is also sent to the
20 control logic 131. The control logic 131 generates the register read data select signal REGS
by ( CMDWR + CMDRR ) * STATENM, the register write enable 0 signal RWEO by
CMDWR * STATENM * (ID = 0), the register write enable 1 signal RWE1 by CMDWR *
STATENM * (ID == 1), the register write enable 2 signal by CMDWR * STATENM * (ID
== 2), the memory read data select signal MEMS by STATEMW + STATEMR, the memory
25  write enable 0 signal MWEO by CMDWM * STATEWM * (MID == (), the memory write
enable 1 signal MWE1 by CMDWM * STATEWM * (MID == 1), the melilory/register select
signal MRS by MEMS, the memory address select signal MADS by ( CMDSWM +
CMDSRM ) * STATENM, the memory address enable signal MADE by MEMS + MADS,




decoder 124 to generate three state signals STATENM STATE ang%qa TEMR
on signals 52. 15 Fig. 10 is a detailed block diagramof a s y
preferreWQ®&4WsWiite control block 44 in the protocol i RCEFUSEYSIPHgi c 40.
The read/wite control block 44 generates the output control signals 54,
53, and 86 fromthe input signals 50, 52, and 51. ID<1:0> on the signals

50 fromthe ID field of the incom ng packet register 80 are sent to a
control logic 131 and to a nenory |D tegister 130. The output MD fromthe
menory ID register 130 is also sent to the 20 control logic 131. The
control logic 131 generates the register read data select signal REGS by (

CVDWR +ameySWERI\ﬁ STMM@HS@MDRMi*t@@FWReWDGEi ‘Yrias a @@l PR CVDVR
* STATENM * t i.te, enabl e =
STATENNPPerE‘F _1)IS aiq%c&'f é@ﬁf gl A AT J‘}j M\ENM *

(ID = RWEL mmsm@tﬁdmt&&hmOnﬁ@ﬁgﬁwﬁwmﬂ the iskaldR,
the menory 25 write enable ;lﬂsnal STATEWM * (M D = 0),

t he nmemdtyjo theioutsidee MBSeMATRS |MME1fr¢mtl@\®vaogmAm\msen@mﬂne:1) t he

Si gngy/ R S%?/t ajg\?%%{ﬁﬁ %8%;,@&%&51}%%1@%@ eﬁﬁ?ﬁqd@g%%%geergﬁg’bl e

si gnal M?@Enebm 2ter(B32AP NHWOUT sentfd (he/s{ppabstytofthd 6hdsidd/ 50388 18
and NOUT b R * STATENM + CVDRM * STATEMR, where "+" is a Iogl caI CR
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Fig. 11B is an example timing chart of the execution of register read commands in the
protocol interface logic 40. Rows 145 (POUT) and 146 (TRANSFER) show the read data
stored in the outgoing packet register 84 and the data transferred from the hardware

20  accelerator 20 to the host workstation 10, respectively. The RR command that arrives at cycle
N reads data A from the target register and stores it into the DATA field of the outgoing
packet register 84 at cycle N+1. The data transfer at cycle N+2 sends the response packet
with the register data in the outgoing packet register 84 via the data buffer 21 fo the host
workstation 10. The RR command that arrives at cycle N+3 reads data B from the target

25  register and stores it into the DATA field of the outgoing packet register 84 at cycle N+4. The
data transfer at cycle N+5 sends the response packet with the register data iﬁ the outgoing

- packet register 84 via the data buffer 21 to the host workstation 10. In this example timing

chart, it is assumed that the execution of a RR command fakes one cycle. If it takes two or




If it takes two or nore cycles to execute a WR command, a sifple trol
logic is required to 15 block the execution of the next co g il the
execut i owooR2/06357V\R command is conplete. Fig. 11B i s anPEYXAISPI/E0388 nmi ng
chart of the execution of register read commands in the protocol interface
| ogic 40. Rows 145 (PQOUT) and 146 ( TRANSFER) show the read data stored in
t he outgoi ng packet register 84 and the data transferred fromthe hardware
20 accelerator 20 to the host workstati%n 10, respectively. The RR command
that arrives at cycle N reads data A fromthe target register and stores
it into the DATA field of the outgoing packet register 84 at cycle N+1.
‘The. dat folr¢ eyeddses erécutyLRR chimnamd gl sinfpleeconéreblogiods papmired to bibtihthehe regi ster

o ot ek GBS Baamiek ol DRt s G o' 1o
the target 2 L $i.e bk ot : tgoin
9 $né ﬁgaﬂggﬁfgméﬁgﬁﬁ%hg&eﬂét&ehI?L‘?tﬂ@'%-[ﬁ %}&k@ﬁreé@t%r fut goi ng

packet register data transfer at” cycle N+5 sends the
r es pons mifeekley theiviehifitdtenreogirel progrdat I munning endhe st workspediok d0. iedist er 84

[ he dat g huff 21.to th t. kstat i 1 Ln thi le tim
chart | FRIe SRR i asHRod RS Geot et R PN O Thy cl o 1 1
|1t akegndwowhtn BAniifatd dthe HQQ%anélfQ {9 9bRGBHE fedd(dbtd St saliRSa RR dBfiRary C| es

to execute a RR command, a sinple control logic is required to block the
execut i Bithoverifiration contud pragram has 10 weytp knoacwherote inftiatethe Hpta densfemn thans

conpl et The da transfer of.the response packet stqred.in t oin

oo TRer ! tbgr Brispoat BataitnSieC bnRtnh BT RBRT Fe ERSHTse AL ity g TEGHGE M
r unni ngyslie BiFRrdh® Som'e edvaduisaM G Gield valid) iflicating WatHespatkdticoptabamew it is
assunmed for sinplicity that the verification control program 11 knows when

t o 1Gi t reat datah Sinvstthe verifiestien cqndrobprogram 1 hknowsin adyencedhatdhe protpgphg a RR

command, L.f the verifJdcation.contr [ . nto
ot interge kS S ke B R Bhqyln O STRONRE pilkel i SR SIER 10
until i afiérecsicviRss 8 RREGRENASR], Raak eéndwnc NOP eonbAYand bfttrtthe R® coenrdinfdf swlent

fromthe previous TAG field value, indicating that the packet contains a
new 10 fthendnitiate the dimiransfersothat flg wﬁpwwgrpbpmﬁfaaglhm@c%%ﬂaﬁ in
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initiate the data transfer so that .the verjfication control Erogran111 can

r ecei vecammangd bt eqnspmesptdeashonglogkayslonand thee ldtiate the daRRtransfers | cat i on

control pr O%FRM ié iscﬁ{]eﬁhﬁ)?e ﬁrﬁﬂ% ¢RAf of the continuous-mode memory write operations
in the protocol interface logic 40. Rows 147 (MAD) and 148 (MEM) show the memory
address and the data of the target memory, respectively. The SWM command that atrives at

20  cycle N stores the first write memory address 10 into the memory address register 90 at cycle
N+1. The protocol interface logic 40 goes into the memory write mode at cycle N+1. The
first WM command arrives with write data A at cycle N+1. The write data A is stored at the
memory location 10 of the target memory at cycle N+1. The memory address is incremented
by 1 at cycle N+1, and the updated memory address 11 is stored into the memory address

25  register 90 at cycle N+2. The second WM command that arrives with write data B at cycle
N+2 writes data B at the memory location 11 of the target memory at cycle'N+2. The
memory address is incremented by 1, and the updated memory address 12 is stored into the

memory address register 90 at cycle N+3, The third MW command that arrives with write




15 command with no TAG field val ue updated, which is effect hé%{pﬁ%ﬁf&l’l val ent
"to a NOP comand that consunes at | east one clock cycle, a Fnitiate
the dataworaansiser. Fig. | ICis an exanple timng chart BCTUSe1/50388

~ continuous-node nenory wite operations in the protocol interface |ogic
40.- Rows 147 (MAD) and 148 (MEM show the nenory address and the data of
the- target nenory, respectively. The SWM command that arrives at 20 cycle N
stores the first wite nmenory address 200 into the nenory address register
90 at cycle N+1. The protocol interface logic 40 goes into the nmenory
wite node at cycle N+1. The first WM command arrives with wite data A at
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stored into, the r ress reqgister 90 at cycle N+5. In this exanple
timng Y% ?atﬁoPrﬂSgéfm{PWgt he execution of a SWM command takes one
cycle and mekgs1ihes APSRMPISHAGH BES of BRBniHdURSneR BEMoFdSiEsferitigs St er
90 at the next cycle. If it takes two or nore cycles to execute a SVW
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| ogi ¢ 40.  The SRM command that arrives at cycle N stores the first . _read

menory ddeedeyde Nul andaendsdstaA fom e snenaqgy decation 0 of thetarget memo:
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at the outgoing packet register 84 via the data buffer 21 to the host workstation 10. Similarly,

the second RM command that arrives at cycle N+4 reads data B from the memory location 11
of the target memory and stores it into the DATA field of the outgoing packet register 84 at
20  oyecle N+5. The memory address is incremented by 1 at cycle N+4, and the updated memory
address 12 is stored at cycle N+5. The data transfer at cycle N+6 sends the response packet
- with the memory data in the outgoing packet register 84 via the data buffer 21 to the host
workstation 10. In this example timing chart, it is assumed that the execution of a SRM
command takes one cycle and makes the memory address ready in the memory address
25  register 90 at the next cycle. Ifit takes two or more cycles to execute a SRM command, a
simple control logic is required to block the execution of the next command until the
execution of the SRM command is complete. The same consideration holds for a RM

command. Again, in this example timing chart, it is assumed for simplicity that the




cycle N+2. The data transfer at cycle N+3 sends the responseg gtaikg%
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updat ed menory address 12 is stored atl cycle N+5. The data transfer at
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unique identifier to each memory. Step 163 calls the “max™ function to compare the values of

—
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ﬂ

Nr and Nm and assigns the larger value to a variable Ns. Step 164 calls the “ceil” function
with the result returned by the “log2” function called with the value of Ns to compuie the

20  number of bits required to represent the maximum value of Ns and assigns it to a variable Nsl.
Step 165 calls the “findWidestRegData™ function to find the number of bits of the widest
register data in the netlist and assigns it to a variable “Rd”. Step 166 calls the
“findWidestMemData” function to find the number of bits of the widest memory data in the
netlist and assigns it to a variable “Md”. Step 167 calls the “findWidestMemAddress”

25  fonction to find the number of bits of the widest memory address in the netlist and assigns it
to a variable “Ma”. Step 168 calls the “max™ function to compare the valuee of Rd, Md, and
Ma and assigns the.largest value to a variable Nd. Step 169 assigns 1 to la,variable sizeTag for
the TAG field size, 3 to a variable sizeCmd for the CMD field size, 1 to a variable sizeEnd for




function to find the nunber of nenories, shown as variable ' MV '%bgt,lj
net hst and assigns a wunique identifier to each nenory. St e& f@g | s the
"max" f uwerd26h3309 conpare the values of N and Nm and a®€Idiva1/50388 | ar ger
value to a variable Ns. Step 164 calls the "ceir function wth the result
returned by the "l og2" function called with the value of Ns to conmpute the
20 nunber of bits required to represent the maxi num val ue of Ns and assi gns
it to a variable Nsl. Step 165 calls 3he "fi ndW dest RegData!' function to
find the nunber of bits of the wi dest register data in the netlist and
assigns it to a variable "Rd". Step 166 calls the "findWdestMenData7
functi othetENDifictil dites tesrdberofdis] b the sizeld foethei [Defsld sizegeng thkavadud of Ndito a
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ID field size, and the value of Nd to a varia i e sizeData for the DATA
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a detailed flow chart, of e steg{élSB of Fig. 12, which constructs the

conffbnemdougoiag prekebrgistarn 8@ and g4 andihs auntpereof {he M) and DAJHA Seldsignals S0t op

"o T ot Ficen ST EBUETRY (Rt dRspin g ARG PR hbiglS ol EhodandlC! | Flce
of Nsl dévdd&lﬂlodbﬂe,ramnﬁtfatﬁ i lFige 70fTHidslotkdd doastot Qeprend onuhegDUNg Steg ket ‘
registers 80 and 84 and the qg@ [, .of .the I D and DATA fj @Hqi%i nal s 50 and

57. St ep/Aqadlsdhy fogeatentateCprirg ek g Ee 8 K8 aef‘iﬂ’?@'f’ eate a
d; t
Gopend. MiSFAGHE, Be@ Hartd. Bs blob 35 BbSH dbncritin tho DUV, witly? Sterf Prsiats, 00

to I3 eafle “areﬂteMmoryAddmbsBibclﬁ Ifuﬁcﬂl,onaﬂth the walue af dh towrdatgs memognaiddess Thi s

bl ock 42 does ng nd on t h Step, 175 calls 15t

"cr eat eMORE A28 Eig ﬂu!ﬁ‘ﬁ‘@h‘e Mﬁ ‘f‘iﬁ 5.fhe ge ﬂﬁtlhf’ &e&%?g‘gﬁssmmr y
addr esSyegister 90. Step 176 calls the “createReadDataBlock” function with the value of Nd to create

a read data block 46, as illustrated in Fig. 5. The value of Nd determines the maximum size of

the read data 57 from the registers and memories. Step 177 calls the
20 “createReadWriteControlBlock” finction with the values of Nsl, Nr, and Nm to create a
“read/write control block 44, as illustrated in Fig. 10, The value of Nsl determines the number
of the ID signals 50 and the size of the memory ID register 130. The values of Nr and Nm
determine the number of register write enable signals and the number of memory write enable
signals, respectively. Step 178 calls the “modifyRegBlockInDuv” function to add data and
25  control multiplexers (see e.g., multiplexers 61, 62, 63, 64, 65, 66, 67 in Fig. 2A) to the
‘ registers in the DUV if there is at least one register in the DUV. The multiﬁlexers added to
the DUV allow the protocol interface logic to have direct access to any of the registers in the
DUV, as illustrated in Fig. 2A, Step 179 calls the “modifyMemBlockinDuv” function to add




bl ock 45, as illustrated in Fig. 4. The value of Ma determ %@%&fﬁ %i ze of
the nmenory address register 90. Step 176 calls the "create 59 | ock"
functi onwi @fe3d02 val ue of Nd to create a read data bl o®KTABI/HIES
il'lustrated in Fig. 5. The value of Nd determ nes the maxi mum size of the
read data 57 fromthe registers and nenories. Step 177 calls the 20

"creat eReadWiteControl Bl ock" function with the values of Nsl, N, and Nm
to create a read/wite control block 284, as illustrated in Fig. 10. The
val ue of Nsl| determ nes the nunber of the ID signals 50 and the size of
the menory 1D register 130. The values of Nr and Nm deternine the nunmber
of regi gat@mndvcontm] endtiplexess @aabg amitiplérern Ty 7% 175 ney 7 yin Hig. 2B) trdb| e
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the protocol interface |ogic_synthesized for the DUV. The process starts at
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herein i's use access regls ers an nmenories int e DUV at steps
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menories in the DUV are accessed during sinulation at st 194. 15 Figs.
16-18 s%ﬁl‘@é’@@eldl‘?%]ﬂaﬁ@%sW@eﬁhPE{Hrﬁgﬁ%P%gﬂnmeﬂ & with sone

'ng la'_ o nghﬁm%q&magé Wiy Atk el EfbvelbPig Sofiapd) rR'iET&é%&lﬂaé‘&,‘ suf%gani)re, A
~“The C Programming Language (2nd edition)” written by B. W. Kernighan and D. M.
Ritchie, published 1988 by Prentice Hall. In the following explanations of the code listings,
20  blank lines used only for better readability are not mentioned.

Fig. 16 is a code listing of the definitions and declarations of major constants,

-

variables, and functions used to describe the operations with a protocol interface logic. Lines
1-7 define seven constants CMD NOP, CMD WR, CMD_RR, CMD_SWM, CMD_WM,
CMD_SRM, and CMD_RM for seven protocol commands NOP (No Operation), WR (Write
25  Register), RR (Read Register), SWM (Select Write Memory), WM (Write Memory), SRM
(Select Read Memory), and RM (Read Memory), respectively. Line 10 defines “uinf” as
“mnsigned int.” Lines 11 and 12 declare “int” variables “sizeld” and “sizeData” to hold the

sizes of the ID and DATA fields, respectively, of the response packet. Lines 14 and 15




progranmm ng | anguage wi dely used for devel opi ng sotware. szjﬁoﬁ}y bed,
for exanmple, in "The C Programm ng Language (2nd edltlon) by B.

W- Ker ni ¢i0em/0635d7D. M Ritchie, published 1988 by Prent PEEUSBI/F0388 n t he
foll owi ng expl anati ons of the code listings, 20 blank |lines used only for
better readability are not nentioned. Fig. 16 is a code listing of the
definitions and decl arati ons of major constants, variables, and functions
used to describe the operations with ¥4prot ocol interface logic. Lines 1-7
define seven constants CVD NOP, CMD WR, CMVMD RR, CMD _SWM CMD V\M CVvD_SRM
and CMD RM for seven protocol conmands NOP_ ( No eratlon? Wite 25
Regi st edgclarRRnpﬁeaua g ‘egony’ and\imeiSariticmityl velue gesode Japl dﬁbMT yalges
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fields, respectively, of the response packet Lines 14 and 15 20 April 2005
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o the WBRACEERGE O Rt duRER HE pabfes S5 T EF T b FoRRE CL ot
funct i oplabehdldink Mk pieket bits. Line 23 declares the copy_from_dbuff function returmng no
value with two arguments to copy one packet from the data buffer in the host workstation:
void copy_from_dbuff{ int size, uint *packet ), where “size” is the total number of bits in the
20  packet to copy and “packet” is the pointer to the place to hold the copied packet data. Line 24
“declares the transfer to_haccel function returning no value with one argument to transfer a
packet in the data buffer in the host workstation to the hardware accelerator: void
transfer to_haccel( int size ), where “size” is the total number of bits in the packet to transfer.
Line 25 declares the transfer from haccel function returning no value with one argument to
25  transfer one packet from the hardware accelerator to the data buffer in the host workstaion:
void transfer_from haccel( int size ), where “size” is the total number of bits in the packet to

transfer.
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the pointer to the place to hold the copi ed packet data. Line 24 declares
the transfer to_haccel function returning no value with one argunent to
transfer a packet in the data buffer in the host workstation to the
hardware accelerator: void transfer t2 haccel( int size ), where "size" is
the total nunber of bits in the packet to transfer. Line 25 declares the
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Line 33 inverts the one-bit value of “tagOut” and stores it back to “tagOut” for the request
packet, Line 34 calls put_bits{ packetOut, 0, 1, tagOut ) to copy the value of “tagOut” into the

20 TAG field of the request packet pointed by “packetOut.” Line 35 calls put_bits( packetOut, 1,

-3, cmd ) to copy the value of “cmd™ into the CMD field of the request packet pointed by

“packetOut.” Line 36 calls put_bits( packetOut, 4, 1, end ) to copy the value of “‘end” into the
END field of the request packet pointed by “packetOut.” Line 37 calls put_bits( packetOut, 5,
sizeld, id ) to copy the value of “id” into the ID field of the request packet pointed by

25  “packetOut.” Line 38 calls put_bits( packetOut, 5+sizeld, ds, data ) to copy the data bits in
“data” into the DATA field of the request packet pointed by “packetOut.” Line 39 calls
copy_to_dbuff{ ps, packetOut ) to copy the request packet pointed by “packetOut” to the data




20 TAG field of the request packet pointed by "packet OJt }Zhﬁg"ﬁb %al S
put bits(packetQut, 1, 3, cnd) to copy the value of "cnd"

field of WOHB/sIguest packet pointed by "packetQut." Li nECBRISEHIOBSS

put _bits(packetQut, 4, 1, end) to copy the value of "end" into the END
field of the request packet pointed by "packetQut." Line 37 calls put bits(
packetQut, 5, sizeld, id) to copy the value of "id" into the ID field of
the request packet pointed by 25 "packétQut." Line 38 calls put

bi t s(packet Qut, 5+sizeld, ds, data) to copy the data bits in "data" into
the DATA field of the request packet pointed by "packetQut." Line 39 calls
copy_t obuffferfif ﬂmé:,ostpuoﬂkeﬂa@i) Line 40 oplis transfor gquisastelpps ot transfen thedegnpst

acketOJ t.he, d ril 0 507 PCT/ USQ1/ 50388 26
oh e o PRkt ST S A LT e i hoSt WA aOILtR e AR P e ol ( poy t o
transfer theyfRauesi deﬁﬁ&ﬁ%&eéef%ﬁhéﬂ%?ﬁﬂ@ﬁﬁlfé HIhRE nbFralddSyilioRto #pfikedtat i on
to the hardware accel erator. Lines 43-54 define the recei vePackéet function

retru n i tmg'ecmva/ateaponsﬁ phckehwith dgiarfeom the agdware a¢oglerator: ergpimg@vq?ae infyi t h

dat m th a re“ Gce voi d. recei vePacket Nty . I nt
*da% @ gd‘t‘} f&lleaﬁ?taﬁréﬂ%léef g’f’lt%ﬁntasr SPRPISE P {o tgc gand
" dat a poimfehﬁ; tIH@ bﬁﬂ:@io ﬁ&d thaiap BifsortiRe Repdhsé P&k@ﬁtﬁn@ 13 %oﬁbuﬁeblﬂlertﬁﬁpons e
packet.” Li ne utes the total nunber of bits of the response JHacket

by addi mamnber Otf hés vﬁ gesppnseqiagkstt by adding 5¢ the volie @of “greld Jemd thevplueafi“dhs it

to a var| bl.e 5“46; L »l

+esponc e % ¢ s i Ghar 5L Buell e Efle e £l
_from hagwed ford he Rapdwire a6dehiratdl Dine mﬁshaﬁgfanﬁbhehmu\pao ¢o feaxpidrer at or
to the data buffer in the host workstation. Line 48 calls copy from dbuf f (

ps, aceuananketifione Bimhagivearp aegelorater tgthe dafa buifer 1 therhast werkstalion) king 4850 nt ed

Che Val G Py e SR P padil el bort ol e (e ta RS QUL BUEY ”a‘“

Li ne 50p6iﬁtlé§%Efe‘padkbﬂnV&lmﬂﬁ)éallstg@g_'blts(qgakefﬁi, 0f hekiag) tme}d:facf thaghiue bf ﬁﬂel ch
stores the previous "tag" value, and _goes out, of the 15 o; I f the
val ues BAE @Pgﬁhélﬁ’@kqtﬁ%i‘g‘ﬁpmt%‘faqbﬁ@ “tage elipe 40 ﬁSE!Pé’Teslﬂ? Y?E‘W P8val i d;

oL IS ARG i s i SugoBegtet kO o100 (1o
d s, 1xdat ‘ayhiled leog if ded valines acediffetent, Smplyirighthat thé\Tokeived pgbket 1st1‘mw andsphidse
F g, Leoerise Bioperioph e 1 140 HerPeBharing, 7 SBReghe hew diedh veop I nem
and ¥ ﬁﬁgéﬁgﬂr%ﬁ%e 59 8a1A%ct BitdhdcRad, Besibia! &laeka 40 GhRD Heay BiisnA o val ue
- DATA field of the response packet and store them into the place pointed by the “data™
variable.
20 Fig. 18 is a code listing of four functions: writeReg, readReg, writeMem, and
readMem. Lines 60-63 define the writeReg function returning no value with three arguments:
void writeReg( uint rid, int ds, uint data ), where “rid” is the target register ID, “ds” is the
number of data bits to write, and “data” holds the data bits to write. The writeReg function
calls sendPacket{ CMD WR, 0, rid, ds, data ) to send a RW command packet with the data
| 25  bits to write at line 62. Lines 65-69 define the readReg fimction returning no value with three
arguments: void readReg( uint rid, int ds, uint data ), where “rid” is the targét register ID, “ds”
is the number of bits to read, and “data’ holds the data bits read from the target register. The

readReg function calls sendPacket( CMD_RR, o, rid, 0, NULL ) to send a RR command




void witeReg( uint rid, int ds, uint data), where "Yid"
register ID, "ds" is the nunber of data bits to wite, andengtiﬁfoﬁol ds

~the dat awi@i @286307wite. The witeReg function calls sen&%&S@tt’iﬁ?@VD_V\R, 0,
rid, ds, data) to send a RWconmand packet with the data 25 bits to wite
at line 62. Lines 65-69 define the readReg function returning no value with
three argunents: void readReg( uint rid, int ds, uint data ), where "rid"
is the target register ID, "ds" is t®& nunber of bits to read, and "data"
hol ds the data bits read fromthe target register. The readReg function
call s sendPacket( CVMD RR, o, rid, 0, NULL) to send a RR conmand 20 Apri l
2005 Veadhed @ﬁBﬁ@ Ha@@ﬂhﬂxﬁ@ﬂéﬁﬁ%v@éclpa@m tlatai) tdread thadada bits fromdhatargehd
recei vePacket data) to read the data bits fromthe target register at
li ne 68Teglstss 111?615350 define the witeMem function returning no value with
si x ar gunent { ' %ﬂ-’ | Bluras r chiét vdiat ds,
ui nt *dat a),iﬁg?g%p%%hélﬁs t tgv[teglr%ﬂéﬁmg nemr%/n?w?ﬁle%&sﬁ}éaﬂgﬁgl nunt)(;!rﬂ of
menory wﬁmhi\éaﬂ( tiht mid, Mtaa;uiﬁt stat, e timtrds) wigt Toatap), yvhemj‘dmd és the taxeeti s t he

nunmber of nme [ ¥ pr to wite, ¢ un‘r,qer Lts menory
wor @ af@mogatly as 515 yhahes o P:‘GP’GIXW@II%SF&’% STt Y‘?gm%‘ﬂg?yryv\ords to
;’V(r)' ggnd 1 %S\AM CQW@J&%} bPRhemBly wokl I Raiek el 1%1%61’@%1" fbr n@norgt art)

onmand wth the target nenory ID and starti n& menory
addr esswatd, lingh édatal’ 1sz1tet1mmtslemtthmg'rm0thhl§1 uhamenmryw@etomt@ Bea variable

"end" at e 15 the S_.LNt o at lines
76-79 tmeé‘g‘é‘ﬁtfm{"ﬂ@n(‘f &%%@tgwmgfﬁdﬁa&“ﬁék WHHé menory
wor ds  t gomthnd ®ith khdar, %Hm%ﬁlbgr mgld/@mﬁ @ib@ldr?aﬂdl@ss\mﬂlhabheAﬂeﬂﬁb’tung t he
i-th iteration is the 1ast. Line call s sendPacket (, CVD_WWM end, ds,

d?t mhl ] th)3 imibakswhiee ZeroN %mwdtend’f ﬁ mflﬁQSﬁﬁﬁmkeNmr@nﬂmrg ﬁgltq) at F‘pl-’el enent
t t 5 L 82-9 )
o e fBh 3 B Tb.7 B AP B et unes 1108 AR RRLbAAE A Hbnl Seidlono, no

val ue U|n start, int
nw, i Nt weige, TheY7 Sélatia)valusine to theivariable “eﬂaief if the gah itcriioD isthe Rst.' Iaﬂé 783 t he

nunber of address bits, "start" is the_startin nory addr. té IS

the nuntalls sendRagkest CMIA WM, Opends do), datafid ) 1o sendjgd ﬁ%ﬂ‘aﬁ‘i WHi;t IfS‘@‘f‘““"?‘:ﬁam)ry

word, apd [ the array to hold the nenory words read
SR AL -

from t he& ea m function calls sendPacket ( CVMD_SRM

0, 19d, as, Bines 82-91 defimdtheacadfiéne Amotiow retwiningy :toh&lueawgbmxmegmmqnts Roi&ind
starting nenory_address at line 85. After settl ng%ﬂg L.ni.tj.a val ue Zero
to a varedMem(uihguddnt 35, Hint sart, inhew, @k L datas 1 1ﬁg:157t3rg or" | oop

at i neﬁlemory ID, “as” is the number of address bits, “start” is the starting memory address, “nw” is

the number of memory words to read, “ds” is the number of bits per memory word, and “data”
is the pointer to the array to hold the memory words read from the target memory. The

20 readMem function calls sendPackei{ CMD_SRM, 0, mid, as, start ) to send a SRM commang -
with the target memory ID and starting memory address at line 85. After setting the initial
value zero to a variable “end” at line 86, the readMem function goes into a “for” loop at lines
87-91 to repeat the operaitons at lines 88-90 for the number of memory words to read. Line
88 sets the value one to the variable “end” if the i-th iteration is the last. Line 89 calls

25  sendPacket( CMD_RM, 0, end, ds, data[i] ) to send a RM command to read the i-th memory
word from the target memory. Line 90 calls receivePacket( ds, &datafi] ) to receive the i-th

memory word and store it into the i-th element of the data array.




87-91 to repeat the operaitons at |lines 88-90 for the nunber %&);Pﬁ&}»
words to read. Line 88 sets the value one to the variable 8

i-th iteWA0206350% the |ast. Line 89 calls 25 sendPacket ( PEMAYSPIF038S end,
ds, data[i] ) to send a RMcomuand to read the i-th nenory word fromthe
target nmenory. Line 90 calls receivePacket( ds, &data[i] ) to receive the
i-th menory word and store it into the i-th eI enent of the data array. 20
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accel er é{?“gfry IF'QFO"TGS&GW%{OJQ‘F ai%’ﬂgﬁan‘{]‘i‘? ge&? ﬂ€£%5683 e Baﬁqr%cgﬁg ggt%ﬁ 8%53 and
MeNor i egeriffcatiBs. ea&ﬂﬁ%niﬂdmm&&%seraqiaa@e%aseﬂ 126006l 18 petotth Hhta &angfergt ocol
interface logic synthesized at conpile tine with the size paraneters of the

r e g i st ebetweam therhostowdikstation anrkthe an@@tarwlaw@r@nl@a@mg daigite and prloadinget DUV

n-ti sy.nt he |zed r ot pc equest
cormna eR oL R o at st RL S b Bk 8 ar e i SRS G MR £ P S or
runni ngpRifodol Eatdtaiek 1036 Kﬁitﬁ’ésiz@& ab@fingsiteaiing @ithithe sizd pdrir@eitf ofdgpiegisteeonmand
is a read command, it sends the data in a response_packet to the host
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practlced within the spirit of the invent on Thus, while preferred met hods
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A net FdursimplsRIV SIEFISIETSANS TR %n%rrersarvlolgts@ate i Et:gé

- readi N9t be apprecmted by those skilled in the art that modifications and alternatives can be
15 practiced within the spirit of the invention. Thus, while preferred methods and apparatus have

been described, as would be apparent to those skilled in the art, many more embodiments and
applications are possible without departing from the inventive concepts disclosed herein. The

invention, therefore is not to be restricted except in the spirit of the appended claims.




witing to nmenories and registers in the user's design, cothisi 05,
identifying all of the nenories and registers in the user's £&“ D

synt hesi Whep/M8¥éssi bility logic into the user's design, PEIEPOHEWB8Es| bility
|l ogic creating access ports to the nenories and registers. 2. The nethod
of claim1l further conprising the step of assigning a unique identifier to
each of the nenories and registers in the user's design. 10 3. The net hod
of claim 2 wherein said accessibility #gic conprises selecting |ogic,
said selecting |logic adapted to receive said unique identifier and select a
particular one of the nenories and registers in the user's design. 15 4.
The net hod ofWhst & dlaitiedhsr ei n sai d accessibility |logic conprises logic to

read fromor wite t i d particular, ane of the nepor] d reaqi rsin
he user~s ddsi gnA melel BroBiiiaes ver s et ln ARG T B T0Cch i S

| ogi ¢ Cince6 tclftfie Bnd Rgisters Bk ubRGalcYigs, coaipirigs from a host and
controls execution of reading and witing data to_the 20 nenories and

regi st e][s i nidentifiirgall Qf@éyiﬁymﬁesﬁﬂd\fﬂm@?\m@ﬁ&%?ﬁs@%ﬂdesi gn verification
oot Svor kot acishe e ok AR PER 0 e RS 0T 0L IH IR0 ©

desi gn aeiERy pcitsite theaBbmbaésSanditeeislerspr i es, the host workstation |oading 25
data to or unloading data fromthe registers and nmenories, conprising:
protocol |ogic synthesized into the logic circuit, said protocol |ogic
conprising: ,an i ale r €0 M P eTeTay (g Flal! -&Biﬁﬁ‘- :saj d host
wor kst ati on; 2. an gﬁ?g]o rréi%g%c et1 %ﬁ@?jﬁﬁcomﬁﬁgﬁsl on vé‘?ﬁ&'géai d host
wor kst atdentifierd0 ed¢h of the femord niPrefEtndin tRCIddrSAR4IEN.388 30 command decode

| ogi ¢, said command decode | ogic decoding a conmand in said incomng
pack‘%t register to identify a particular operation, register or menory
Location In 5a1d 4HE BRI Mn AWhdEmGHTREBIRG WOkl sdiuiitfy L e data
stored in sard incomng packet 5 register 1nto sald register or nmenory

| ocat i ologia) saidiselettargiogicddaptodid weeive yaid teique tlentifich ad celdetd: prrti@ddardne ommand

decode | ggic; read cgrrmand ex?lcuti on Iog%i Cc to read data fromsaid register
or nenpftihe memories and registers i the user s design. .

15 4, The method of claim 3 wherein said accessibility logic comprises lo gic to read

from or write to said particular one of the memories and registers in the user’s design.

5. The method of claim 4 wherein said accessibility logic comprises decode logic
that receives commands from a host and controls execution of reading and writing data to the

20  memories and registers in the user’s design.

6. A hardware-assisted design verification system for verifying a target design,
said verification system having a host workstation in communication with a bardware
accelerator, the target design comprising registers and memories, the host workstation loading

25  datato or unloading data from the registers and memories, comprising:

protocol logic synthesized into the logic circuit, said protocol logic 'comprising:

an incoming packet register in communication with said host workstation;

an outgoing packet register in communication with said host workstation;




| ocation in said target design and store said data in said Sblt Qlicéb% packet
register for a read command decoded at said command decode é@ﬂ ; 2nd 10

i nt er f acewom@szso? nt erfacing said regi sters and nenori es PATRAIUSBEH get
design. 7. The hardware-assi sted design verification systemof claim®6,
wherein said protocol logic includes logic to determ ne whether data from
sai d incom ng. packet register is new and control activation of comand
decodi ng and execution. 15 8. A methodlof synthesizing a packet-based
protocol logic for providing access to registers and nenories in a target
desi gn when perform ng functional verification using a hardware

accel erator, conpedmsinagd detetietogioasaig compmadd decads logic deqodingsstonyaandin, sai d

request packet,,conprtising ta Q,c nd,. and data end.fje X unting
now many o - PR teketiPakig: ©IaFRTY A BaistRt PRyt Mtk Srtiemi g hov
many of the [RIRYM BSartBolf @3RAL I N the target design; determning a

maxi mumidentification field size of said request packet; determning a
maxi mum nunber of wiite econmend executinn logigite waite:daty stored ip sigdpconuing geckebs

determ ni ng a maxi.num nunber  of ta  hi . - j -he target
desiyn; det Eﬁgﬁ g s Jar{ﬁ%lﬁtﬁ{ﬁﬁ rﬁ%ﬁ%@rlg%q&l%gg%%ggar%% {ﬁg&gﬁ ?Ijhagerjr%rmri es in
the target desi@iRad ddddeatARd dondfiid de¥¥deldgias3507 PCT/ US01/ 50388 31
determ ni ng a maxi mum nunider of bits to send the rsg%it ster data, nenory

data, and menor yread gemmang gxeonton ingitlo rerdsdaimirpm sgichtegister ar MISEQTY | el d si ze

of said requ . packet. : E -di S t he
steps of, 5 g"rscé%% f#g(s(l‘?léint i B%%ér%‘l%ﬁg% %g{gﬂ%%ﬁé g%t?'isl{%aa?d @g%@@gﬁg@?g@% t%ﬂpfﬁ?a dat a
buf fer in thahosdnang decdedbesail ecommeandddcodglogit; and goi ng packet register
coupled to an output data_ buffer,in the hardware accelergtor; creating a
contfind decode bl Bigtiace logic drataging SAdaRgisters agTRemoRss i A3 B%Sﬁéﬁ’s‘gEO

regi ster; creating an execution logic to execute a command decoded at said

decode bl ock; and o
7. The hardware-assisted design verification system of claim 6, wherein said

protocol logic includes logic to determine whether data from said incoming packet register is
~ new and control activation of command decoding and execution.
15 7
g A method of synthesizing a packet-based protocol logic for providing access to
registers and memories in a target desigh when performing functional verification using a
hardware accelerator, comprising:
- determining fixed sizes of a request packet, said request packet comprising tag,
20 command, and data end fields;
counting how many of the registers are present in the target design;
counting how many of the memories are present in the target design;
determining a maximum identification field size of said request packet;
determining a maximum number of data bits of the registers in the target design;
25 determining a maximum number of data bits of the memories in the target design;
| determining a maximum number of address bits of the memories in the target design;

and




creating interface logic to access the registers and nmenori § i n iLd
target design. 10. The nethod of claim9, further conprising fﬂ@“@ﬁ%ps of
15 creatiwog2aesenory identification register to identifyPCRAUSKENSSS es in
the target design; creating a nenory address register to provide a current
menory address for access; increnmenting said current nenory after a nenory
read command or a nenory wite command is executed; creating a finite
state machine to indicate that the paddet-based protocol logic is in 20
~either non-nenory node, continuous nenory wite node, or continuous nenory
read node; and creating a state transition control that selects said
nan- menory na@tenﬂﬂmtrg aSAidmuaomniniiet 08 Bitsmensend thepegister data,aneroryshaialand at e
transition control farther se]ecting saia COE{Lnuo S. Jrenor i fe node
when samemesneddaess e thedaget desien e defsarpine daia field sizg of sof u%ép b state
transition control further selecting said continuous nmenory read node when
said continuous nenory read operation is initiated.

' 9. The method of claim 8, further comprising the steps of:

5 creating an incoming packet register coupled to an input data buffer in the hardware
accelerator;
creating an outgoing packet register coupled to an output data buffer in the hardware
accelerator;
creating a command decode block to decode a command in said incoming packet
10 register;
' creating an execution logic to execute a command decoded at said decode block; and

creating interface logic to access the registers and memories in said target design.

10.  The method of claim 9, further comprising the steps of:

15 creating a2 memory identification register to identify the memories in the target design;
creating a memory address register to provide a current memory address for access;
incrementing said current memory afier a memory read command or a memory write

command is executed;
creating a finite state machine to indicate that the packet-based protocol logic is in
20  either non-memory mode, continuous memory write mode, or continuous memory read mode;
and ‘
creating a state transition control that selects said non-memory mode when said
- continuous memory operation ends, said state transition control further selecting said
continuous memory write mode when said continuous memory write operation is initiated,
25  said state transition contro] further selecting said continuous memory read mode when said

continuous memory read operation is initiated.






