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Abstract to develop tools and programming environments that al-
low programmers and system designeusd not just hard-
In this paper we first outline and discuss the issuggre designers to tap the full potential of the new re-
of currently accepted computational models for hybricbnfigurable chips. This deficiency is in part due to the
CPU/FPGA systems. Then, we discuss the need forwidespread acceptance of the use of the FPGA as a sim-
searchers to develop new high-level programming magale co-processor accelerator, and the subsequent absence
els, and not just focus on extensions to programminf a modern parallel programming model that supports
languages, for enabling accessibility and portability dfoth accessibility and portability for parallel computa-
standard high level applications across the CPU/FPGHons across the CPU/FPGA boundary. This should be
boundary. We then present hthreads, a unifying progragencerning for the reconfigurable computing community,
ming model for specifying application threads runnings lessons learned from past parallel processing efforts
within a hybrid CPU/FPGA system. Threads are specilearly indicate the need to provide portable, parallel pro-
fied from a single pthreads (POSIX threads) multithreadggamming models composed of unaltered high-level lan-
application program and compiled to run on the CPlguages and middleware libraries. In this paper we first
or synthesized to run on the FPGA. The hthreads sys#line and discuss the issues of currently accepted com-
tem, in general, is unique within the reconfigurable conputational models for hybrid CPU/FPGA systems. We
puting community as it abstracts the CPU/FPGA comptiien discuss the need for researchers to develop new high-
nents into a unified custom threaded multiprocessor devel programming models, and not just focusing on the
chitecture platform. A hardware thread interface (HWT@xtension of programming languages to include machine-
component has been developed that provides an abstrapgcific pragmas. Finally, we outline hthreads, a mul-
platform-independent compilation target. Thus, the HWiithreaded programming model and run-time system for
enables the use of standard thread communication amchieving seamless interaction of threads running across
synchronization operations across the software/hardwalee CPU/FPGA boundary.

boundary. By far, the most commonly accepted computational

model within the RC community treats the FPGA as an
. instruction levelhardware-acceleratofor the CPU. Fig-

1 Introduction ure 1 outlines this basic computational model. After tradi-

tional software development of a single threaded applica-
Reconfigurable computing (or RC), as a discipline, h#ien, the code is then profiled to find the portion of the ap-
now been in existence for well over a decade. Durimgication that would provide the most performance benefit
this time, significant strides have been made in fabricatinom custom hardware acceleration. Once identified, the
that are now providing hybrid CPU/FPGA componentarget code section can be replaced with the custom hard-
with millions of free logic gates, as well as diffused IRvare core. Platform specific interfaces are then created
in the form of high-speed multipliers and SRAM blockso allow the application software to communicate with
[25]. Unfortunately, researchers have thus far struggledd control the hardware core. Typically the software ap-



main(){ acceleration model is similar to the model assumed within
CISC processor architectures. In CISC architectures the
CPU executes a series of microcoded instructions for
each CISC instruction in its instruction set architecture
for (i ;lg;cli:Bmax; i++)( (ISA). In the hardware-acceleration model, CISC-like in-
3 structions are instead implemented as parallelized circuits
within the FPGA instead of microcode. Both of these
Block C methods strive to achieve maximum performance through
return() low-level instruction customization. Whereas traditional
¥ CISC architectures are limited by the microcode ISA
and associated fixed structure of available ALUs and
CPU Active datapaths; hardware-acceleration-based reconfigurable
7 7 > architectures are only limited by the number of free gates
within an FPGA. These approaches are both similar in
their instruction issue semantics as they both require the
j CPU to stop fetching instructions while the multi-cycle
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instruction, whether implemented in microcode or within
the FPGA, is being executed.

In support of the FPGA as a co-processor model, re-
time > searchers have been investigating augmentations to exist-
ing languages and hardware compilation techniques to al-
Figure 1: Traditional FPGA Co-Processor Model 10w programmers and system designers to specify their
custom accelerators through high-level programming lan-
guages [9, 21, 15, 17, 14, 5, 20, 3, 7, 10, 22, 24]. The
acceptance of the hardware-acceleration model is further
plication interfaces with the hardware core through lo§gen through the reinforcement of design tools offered
level component structures such as FIFO queues: onelfgteading FPGA fabrication houses. Altera has adopted
feeding input data into the hardware core, and a secdR@ model for use in their NIOS-II processor along with
for streaming output data back to the software applicdeir C to Hardware (C2H) compiler [6]. The objective of
tion. During execution, the application software executé€H is to isolate a section of code that the programmer
as normal until it reaches the critical portion, or kernel, @S determined as being a good candidate for hardware-
the code and invokes the hardware core. This is accopgceleration, and then automatically create a hardware
plished by the CPU first transferring data into the har0re to execute in its place. The C2H compiler has a
ware core, and then idling until the hardware core figtrong advantage in that a user is not required to have prior
ishes execution. Once the hardware core signals cdfiowledge of a hardware description language (HDL) in
pletion, the CPU reads the output data back from tREder to take advantage of being able to implement criti-
hardware core and resumes normal execution. On sn§&l portions of code in hardware. Additionally, the C2H
scales this hardware acceleration model is effective GAMPiler is able to support a large portion of the full ANSI
exploiting instruction-level parallelism (ILP) that can b& standard (recursion and floating-point arithmetic being
exposed through loop unrolling [13]. On larger scaledle exception).

the hardware-acceleration model has been used to replaggonsidering the challenge of producing parallel circuits
ultra-critical sections of code within applications. Thigom a purely sequential language, these efforts are quite
method, regardless of scale, is certainly not without ii§pressive. The task of translating C to an HDL in a way
merits. As an example, consider the mathematically intfiat increases program performance is non-trivial. The
sive realm of molecular dynamics applications. In [12¢ |anguage provides a thin abstraction of the Von Neu-
the authors successfully were able to port a moleculgann architecture that reinforces sequential instruction
dynamics application, called NAMD, to an SRC-6 plakyecution and the architecture’s associated CPU/memory
form (consisting of both Intel microprocessors and FPG#yttieneck. Furthermore, certain programming constructs
technologies), using the hardware-acceleration modelgigy techniques such as pointers and recursion, which are
achieve a 3.0x speedup. commonly found in software-based systems, are difficult
From a historical perspective, the hardward¢e replicate in hardware. These tools show some of the
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results of the great effort that has thus far been put fottire directly into the source language. This is concern-
in providing software programmers access to the recang for reconfigurable computing as lessons learned from
figurable fabric of modern FPGA devices. the parallel processing domain clearly show the impor-
In addition to language translation issues, standard &fAce of decoupling machine-specific attributes from the
stract communication methods for interfacing the softigh-level language to achieve portability and the im-
ware and hardware portions of an application have algortance of exploiting coarser-grained, thread-level paral-
yet to be defined. The need for such capabilities are olelism. Current practices as evidenced from software de-
lined in [11]. Jerraya [8] and Wolf [26] outline the techveloped for high-performance cluster computing, encap-
nical challenges and propose approaches for automasungate machine-specific code into middle-ware libraries
the creation of abstract hardware/software interfaces tbat can be linked in with unaltered source code to form
embedded systems and multiprocessor systems-on-@ri@bstract programming model.
(SoC). Interestingly, the data transfer times across thenformally, abstract programming models provide a
hardware/software boundary can be significant and océ@mework of system software components and their inter-
sionally even greater than the original software executiaotions that are platform independent and portable. Porta-
time. Additional consistency problems can also be intrbility is achieved by separating policy from mechanisms
duced for modern memory hierarchies utilizing multiplaithin the framework. The policy is specified through a
levels of cache. Efforts such as [17] have explored opemmon high-level language and set of system service
timization techniques for balancing the number of loopsPIs. Modern programming models achieve portability
unrolled into parallel circuits to match the bandwidth cdyy adopting unmodified high-level languages and middle-
pabilities of the system bus. Work such as GARP [10] atrare service routines. Recently, the multithreaded pro-
tempted to circumvent the memory bottleneck by propagramming model has gained in popularity within the em-
ing a new CPU architecture with an integrated reconfigedded systems domain with its ability to represent time
urable fabric. Unfortunately, [5] showed that applicaand event-triggered reactive processes typical of this do-
tions with limited spatial parallelism within loop bodiesnain. The multithreaded programming model is also fa-
coupled with size limitations of the embedded reconfigniliar within the realm of general purpose computing;
urable fabric can resultin performance degradations whamoviding a convenient framework for processing con-
compared to compiler optimized software implementaurrent client requests on a common server. Support
tions. Finally, models that seek to exploit low-level pafor the multithreaded programming model is now pro-
allelism from within a limited sized code fragment in &ided through the pthreads (POSIX threads [4]) library
single execution stream ignore the available user-specifietbased with Linux, Unix, and Windows. Additional low-
concurrency exposed within modern coarse-grained migivel hardware support for multithreading is also standard
tithreaded and multitasking models. As Moore’s law comvithin modern CPUs as evidenced by Intel's hyperthread-
tinues to improve the size and density of FPGAs, newng technology [23].
models are required that can translate more coarse levels
of parallelism into parallel concurrent circuits within the

FPGA. 3 hthreads: A Multithreaded Pro-

_ gramming Model

2 Abstract Programming Models

The high-level design flow for hthreads, our multithreaded
Conceptually, the approaches for providing access to fir@egramming model for hybrid CPU/FPGA architectures,
hardware acceleration computational model are follows- shown in Figure 2. In the hthreads design flow, pro-
ing a development path similar to that which occurregtammers can express their system computations using
in the 1980s and 1990s for SIMD and systolic arrayamiliar pthreads semantics, based on a set of application
from the parallel and signal processing domains. fequirements. The functional flow of the threaded high
these approaches higher-level languages are augmetaeel program can be written and verified using a standard
with specific pragmas for exploiting fine-grained, arithworkstation running Linux and pthreads prior to synthe-
metic and instruction-level parallelism in a form thagis and hardware design. Hthreads’ APIs are compatable
matches the underlying machine’s computational modelith pthreads APIs, and wrappers going from pthreads to
Although these approaches bring advancementacin hthreads as well as hthreads to pthreads are available. Af-
cessibility they do so at the cost gfortability by pro- ter initial debugging on a standard workstation, the mul-
moting detailed knowledge of the underlying architetithreaded application can be profiled on the workstation



or run through on-the-board testing, allowing the devedions of system service libraries to support abstract API
oper to identify which threads should be mapped into tleperations from and to hardware threads. To support our
reconfigurable fabric. shared-memory thread model, we created services to sup-

As an example of the ease in which hthreads suppd?P&t the creation, control, and scheduling of child threads
seamless creation of threads for execution in either haf¥€cuting in hardware. Additionally, we created services
ware or software, consider the code seen in Figure 3. THIgt allowed the independent hardware threads to synchro-
example shows the application-level code for the paréhge With all other threads using standard semaphore op-
thread creating four child threads; two within softwar@rations, and independently access global and local data.
and two within hardware. In this example, each chilyll services are invoked, even within hardware threads,
thread implements a complete Discrete Wavelet Trad2m the original user specified hthreads APIs of the
form (DWT). The parent thread can create multiple chigPurce program. Thus, our hthreads API's eliminate the
threads to rurin parallel within the hardware, and Syn_need to create unique interfaces for threads to interact
chronize with the threads as if they were traditional soicross the CPU/FPGA, or hardware/software boundary.
ware threads. Figure 4 show the execution times of severBis allows the high level code to be portable between
configurations of the DWT child threads. The first twsoftware and hardware, and different platforms as verified
timings are for a single child thread, representing a clas8iour high level design flow.
single instruction stream FPGA accelerator model. Not
surprisingly, the hardware implementation shows 7.5x
speedup compared to the software version. The next t§/(;-

timings highlight the benefits of parallelism. For two SOfR?Ve created the hardware thread interface (HWTI) to en-

ware thread; running on a single CPU, egch Fhread mrlf%sulate our system service mechanisms for hardware
be time multiplexed with the total execution time bein

. : L F]eads. A block diagram of the hardware thread interface
the summation of the independent execution times of e%%mponent is shown in Figure 7. As shown in Figure 8

thread, plus operafung system_ overhead. However, .Wr}ﬁg HWTI entity is linked in with the automatically gener-
one of the threads is mapped into hardware, parallelis d VHDL architecture version of the user code in a sim-

achieved. Two hardware threads running in parallel Sh.ﬂ‘ﬁ’r fashion to traditional system call software routines.
11x speedup when compared to two software threads time

multiolexina on the CPU. This simple example illustrat e HWTI component contains two interfaces; the HWTI
uitipiexing on the L. This simp'e example MUSTaeg, 0 1 interface for interacting with other hthread service
the benefit of enabling coarse grained multiple instruc:

. . . S omponents, and the HWTI user interface for supporting
E(I)Drés';reams, multiple data (MIMD) parallelism within thE"system service calls from the user thread. The HWTI is

) . thus a target that can either be automatically linked in with
Although conceptually simple, extending hthreadsyr HLL to VDHL synthesizer, or directly included by de-

across aeconfigurable systeriaced two key challenges.yelopers wishing to hand write threads in VHDL.

First, our design flow was modified to support the syn- rjgre 5 shows the analogous nature of our common
thesis of the application program code, and linking of thg, time system services available to both hardware and
(APIs) to state machine versions of syscall run time Sel5syare threads. As shown in the center column of Fig-
vices. In effect, the API's provide consistent policies fQfye 5 standard policy for invoking run time services is
threads running on both the CPU and within the FPGf5564 on two steps. First, arguments are passed from
This includes the ability to support standard programmipgy application program to the run-time services, and

function invocations, and creating and passing abstragtong the run-time service routine is invoked. Within
data types and pointers in accordance with the semanficgjitional software methods, this policy is achieved by
of each pthread API. pushing the arguments onto the stack, and then execut-
Figure 6 shows a high level description of our inténg a specific trap instruction to the run-time service. To
grated compilation/synthesis tool flow. As shown in Figachieve an analogous policy for threads running in hard-
ure 6 we have augmented the standard gcc tool chainwigre, the hardware interface provides registers that re-
produce and output a new hardware intermediate fofiiace the stack, and a command register that replaces a
(HIF) from which we then generate VHDL. The HIF igrap. As shown in Figure 5 the mechanism used to pro-
similar to standard single assignment intermediate formsde the passing of arguments is to simply drive the inputs
but in a slightly modified and controlled format to bettet the HWTI registers.
serve as the target for VHDL generation. Specific syscall functionality is specified by a unique
The second challenge was to create new hardware \@geode shown in Table 1. For example when the

HWTI Abstract Interface
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Figure 2: hthread Design Flow
hthread_t hwl, hw2, swl, sw2; for ( i.= 0; 1 ? LENGTH; if+ ) |
hthread attr t attrl, attr2, attr3, attrd; printf( "%i = %i\n", i, arg3.data[i] );
struct Array argl, arg2, arg3, arg4; }
Huint i, retval;
log_t log; log_create( &log, 1024 );
L log time( &log );
// Setup the UART for printing hthread_create( &wl, &attr3, dwtHaar, &arg3 )
// Initialize the hybridthreads system hthread_create( &sw2, &attr4, dwtHaar, &arg4 )
hthread init(); hthread_create( &mwl, &attrl, NULL, &argl );
hthread_create( &w2, &attr2, NULL, &arg2 );

// Initialize the attributes

hthread attr_init(
hthread_attr_init(
hthread_attr_init(
hthread_attr_init(

sattrl );
&attr2 );
&attr3 );
&attr4d );

for threads

Uniform API’s

// Setup the attributes for the hardware thread
hthread_attr_sethardware( &attrl, HWTI_BASEADDR_ZERO );
hthread attr_sethardware( &attr2, HWTI_BASEADDR ONE );

// wWait for the

hardware thread to exit

ht hread_j oi n( hwl, (void*)(&etval) );
\hthread_j oi n( hwz, (void*)(&etval) );
ht hread_j oi n( swl, (void*)(&etval) );
ht hread_j oi n( sw2, (void*)(&etval) );

// Set the thread's argument data to some value
argl.length = LENGTH;
arg2.length = LENGTH;
arg3.length = LENGTH;
arg4.length = LENGTH;

~Tog_time( &Iog J;

for( i = 0; i<LENGTH; i++ ) {
argl.data[i] = (100 + i*4) % LENGTH;
arg2.data[i] = (101 + i*3) % LENGTH;
arg3.data[i] = (102 + i*2) % LENGTH;
arg4.data[i] = (103 + i*1l) % LENGTH;

// Clean up the attribute structure

hthread_attr_destroy(
hthread_attr_destroy(
hthread_attr_destroy(
hthread attr_destroy(

sattrl );
&attr2 );
&attr3 );
&attr4d );

log_close_ascii( &log );
for( i = 0; i < LENGTH;
printf( "%i = %i\n", i, arg3.data[i] );

}

printf( "-- QED --\n"

// Return from main
return 1;

)i

i++ ) {

Figure 3: Application-Level Code for Creating Hybrid Threads



Number of | Type of Total Time
Threads Threads (ms) Speedup Graphic
-
1 1 software | 26.2
il
Ipga
1 hardware| 3.5 7.51
2 2 software | 52.1
1 software,
cpl
N
1 hardware| 26.7 1.95 -
;:..
- :-:
2 hardware| 4.7 11.01
1 software,
3 3 hardware| 27.4 2
2 software,
pga
4 2 hardware| 53.8 T

Figure 4: DWT Example Run Time Performance




hthread_syscall(syscall_xx, arg1, arg2)
- v

Push on pass APl arguments from Drive inputs
Stack

User-> System to HWTI Regs

l IPIF
Execute Call System Routine xx Op_code xx
Trap xx. ->HWTI | thread_id | | command | | argument | | status | | result |

hwti system interface

hwti user interface

hthreads system

ooedg Jasn

system bus

90edS Jos!/uadns/‘l-\\

Library Code HWTI State user_status | user_result | user_opcode | |user,argumenl| User_argument
Execution one two
Machine T T Y 1

\] \] A | 1

hardware thread user logic

cPU FPGA

Figure 5: System Service Policy and Mechanisms Figure 7: HWTI Block Diagram

o
(7|8
(=]
o
@®

gce Frontend ENTITY simple_thread IS

port (
clk : in std_logic;
intrfc2thrd_status : in std_logic_vector(0 to 3);
intrfc2thrd_result : in std_logic_vector(0 to 31);
thrd2intrfc_opcode : out std_logic_vector(0 to 7);
thrd2intrfc_argument_one : out std_logic_vector(0 to 31);
GIMPLE thrd2intrfc_argument_two : out std_logic_vector(0 to 31)

);
END ENTITY simple_thread;
i; ;> ARCHITECTURE beh OF simple_thread IS

... constant & variable declaration ...

HE

SW/HW BEGIN
HIF 7 WHOL Runtime » gcc Backend update : PROCESS
Generation | BEGIN
Lipraries wait until rising_edge(clk);
IF intrfc2thrd_status = USER_STATUS_RESET THEN
... reset variables ...
@ Q ELﬁ:E((intrfCZIhrdistams = USER_STATUS_RUN)
OR (intrfc2thrd_status = USER_STATUS_ACK)) THEN
CASE current IS
0 =>
WTE’\\‘ntﬂCZthrdistatus = USER_STATUS_RUN THEN
current <= N8;
Figure 6: Compilation/Synthesis Tool Flow B ent <= NO.
END IF;
... additional state machine logic ...
. Whﬁncgﬁaleoxit:>
user thread has completed and executes a httexiad thrdzintrfc_opcode <= OPCODE_HTHREAD_EXIT;
. it <= finall;
API, the opcode HTHREALEXIT is placed on en finaid =>
. op : pacee T o ot a
the thrd2intrfc _opcode line and latched in the IF intrfc2thrd_status = USER_STATUS_ACK THEN
. . thrd2intrfc_opcode <= OPCODE_NOOP;
user _opcode register. This can be seen through current <= final2;
. . ELSE
the VHDL example of Figure 8. In accordance with current <= final1;

END IF;

the standard pthreaekit() system call, the user thread when final2 =>

-- idle until reset event

may pass one parameter back to the parent thread us-  curent <= finai:

ing the HWTI's user _argument _one register. The — ewow
thrd2intrfc ~ _argument registers are also used to ac- exo rocess:
cess global memory, in combination with the LOAD and~ ™"
STORE opcodes.

The HWTI is implemented in 404 slices. This num- Figure 8: VHDL Generated Code for Simple Thread
ber includes logic for the standard vendor supplied bus
interface (IPIF) and a minimal user logic thread that im-
mediately exits following a RUN command. The 404



Table 1: HWTI System Calls

Syscall Description

NOOP An operation is not being requested

HTHREAD_EXIT User thread finished executing and returns resulisgument register
LOAD User thread requesting to read from memory

STORE User thread requesting write to memory

HTHREAD_SELF Returns the threadatl

HTHREAD_YIELD No meaning for a hardware thread, resumes execution immediately
HTRHEAD_MUTEX_LOCK User thread requesting to lock a mutex
HTHREAD_MUTEX_UNLOCK | User thread requesting to unlock a mutex

CPU
Software Interface

Software Software Software
Thread Thread Thread

Hardware
Interface

Hardware
Thread

slices represent 2% of all slices on our Xilinx Virtex Il Pro e
FPGA (XC2VP30). Timing results for each HWTI opera-
tion are listed in Table 2. With the exception of LOAD

and STORE, these results were recorded using a CycC <SstemBus ! 1
accurate simulation of the entire HybridThreads systerr [Mmexes ][Con:wna.][ Thread H Thiad ][ C:,s ] [ Shared ]
LOAD and STORE were recorded using timings from on- Variables ) {_Manager ). | Scheduler Memery

chip execution, with the hardware thread instantiated on . .
the OPB bus and DRAM on the PLB bus. Figure 9: hthread System Block Diagram

Hardware ’

3.2 hthreads Hw/Sw Run Time Kemnel Figure 10 is solely due to cache misses during the swap-

Although at first glance mirroring traditional run-time?ing of thread contexts on the CPU. The Scheduler makes

software thread system services within hardware cofil Scheduling decisions a priori, in parallel to application
ponents appears daunting, it instead provided motivatief¢grams running on the CPU. The CPU is only inter-
to redesign a complete set of more efficient globally agiPted when a thread entering the ready-to-run queue has
cessible shared services for both hardware and softw@rBigher priority than the thread running on the CPU as
threads. well as any other threads within the ready-to-run queue.
Figure 9 shows the hthreads run-time system COmda_contrast, existing software schedulers must be invoked
nents implemented in hardware. Hthreads migrateé’ié an interrupt to the CPU just to consider if an event may
Thread Manager, Scheduler, Mutex Manager, and a n@Wmay not trigger a true scheduling decision (such as the
CPU Bypass Interrupt Scheduler (CBIS) into hardwarlease of a mutex).
Migrating these services into hardware brings significantAs a more complete example, the mut@xiock() op-
performance benefits to software threads through memtion illustrated in Figure 11 shows the processing steps
efficient invocation and processing mechanisms [16, the hthread system performs to release a mutex, make a
First, invocation mechanisms for accessing the systegheduling decision, and resume the execution of a thread.
services are no longer based on inefficient traversallnfa traditional operating system steps A through E are
hierarchical software protocol stacks, but instead gverformed completely in software on the CPU. These
achieved through lightweight atomic load and store opteps would require a context switch from the application
erations. Second, speculative and variable execution ghread to the system services, and must be performed be-
formed within key system services such as the schedutere the scheduler considers if a new scheduling decision
are eliminated. As an example, Figure 10 shows compgr+equired based on the queuing of a blocked thread. In
ative timings for executing typical scheduler services fothreads, steps B through G are performed in hardware,
a system with 2 and 250 active software threads runnialipwing the CPU to continue executing the application
within hthreads. The overhead for making a schedulitigread. For systems with both hardware and software
decision is now constant, with negligible jitter. The actu#thireads, migrating this processing off the CPU is critical
overhead for selecting the next thread to be run withés significant overhead and jitter can be introduced if the
the hardware-based scheduler is 240 clock cycles; a c@®*U must perform this pre-scheduler speculative process-
stant delay, independent of the number of threads in thg for hardware threads being unblocked. In [18, 19] a
ready-to-run queue [2]. The small amount of jitter seen imultithreaded capability is reported that supports the cre-



Table 2: Timing Results for HWTI Operations

Command | Clock Cycles | Comment
Write tothread _id register 5 | Time from receiving the thread id to the time the system status changes to USED
Write RUN intocommandregister 5 | Time from receiving RUN command to timeser _status register changes t
RUN
Write RESET tocommandregister 4 | Time from receiving RESET command to tiraeer _status register changed
to UNUSED
LOAD 60 | Time user thread issues LOAD opcode to time HWTI retwrssr _status to
RUN including bus transaction
STORE 32 | Time user thread issues STORE opcode to time HWTI retuses _status
to RUN including bus transaction time
HTHREAD_YIELD 5 | Time from user thread issuing opcode to time HWTI retwser _status to
RUN
HTHREAD_SELF 5 | Time from user thread issuing opcode to time HWTI returser _status to
RUN
HTHREAD_MUTEX_LOCK 20 | Time from user thread issuing opcode to time HWTI retwssr _status to
RUN, including bus transaction time and Mutex Manager time
HTHREAD_MUTEX_UNLOCK 20 | Time from user thread issuing opcode to time HWTI returser _status to
RUN, including bus transaction time and Mutex Manager time
HTHREAD_EXIT 20 | Time from user thread issuing opcode to time HWTI ends bus transaction|with
Thread Manager and system status changes to EXIT

2 Running Software Threads 250 Running Software Threads
Min (pns) |Mean (us) | Max (us) | Min (us) |Mean (ns) | Max (us)
Scheduling 1.750 1.751 2.140 1.910 1.975 3.380
Decision
Mutex Lock .750 .750 .750 .750 .750 .750
Interrupt Handler .760 .760 .760 .760 .796 1.530
Determination

Figure 10: hthread Performance Summary

CPU G
D:3 SOﬂwa{gzlz‘e"ace ID: 7 "I‘DM:IE 'm' 4 C O n CI u S | O n
Software Software Software Hardware Hardware
Thread [ Thread ] [ Thread ] Thread Thread
h— _t
System Bus . . . . .
‘I I——C%y I' In this paper, we have discussed existing computational
B Mutexes Conditional Thread Scheduler CBIS Shared mOdeIS for hybrld CPU/FPGA SyStemS’ and the need
Qe | | varevles | | Hanaqer H M"‘mﬂ for the creation of standard parallel programming mod-
- — els. We then presented hthreads, a unifying multithreaded
D . .
A: Software thread 3 unlocks mutex M2 by calling hthread_mutex_unlock(M2), prog ramm I ng mOdeI for Contr0||lng hardwa‘re and SOft_
which sends signal to Mutex Manager. H
B: I\;uks;( Msa:aggear i:\ospek::‘tz MZ?S 2g:ue and decides ID 6 will own mutex next. ware th reads runnlng across the CP U/FPGA boundary
B: Throad Manager ghe b 510 Sonosr 0 add 1o ey to Fun queue. Hthreads provides system service libraries that encapsu-
E: Scheduler knows ID 6 is a hardware thread, does not add ID 6 to queue. e .
F: Scheduler instead sends RUN command to ID 6's HWTI. |ate platform SpECIfIC Operat'ons Under pth readS Compat'

G: Hardware thread 6 resumes execution, now owner of mutex M2.

ible APIs. This allows threads specified from a single
pthreads multithreaded application program to be com-
piled to run on the CPU or synthesized to run on the
FPGA. To support the abstraction of the CPU/FPGA com-
ponent boundary, we have created the hardware thread in-
ation and control of both hardware and software threamsface (HWTI) component that frees the designer from
through Linux. This approach was taken to allow harttaving to specify and embed platform specific instruc-
ware threads to access data through Linux’s existing Miiens to form customized hardware/software interactions.
tual memory address space. Although convenient, thistead, the hardware thread interface supports the gener-
approach requires additional complexity within the hardlized pthreads API semantics. This approach follows ac-
ware thread to maintain virtual address translation tablespted practices within the high performance computing
and invokes the memory manager running on the CPU fmmmunity that can bring both accessibility and portabil-
page swapping through external interrupts, thus introduty-to the reconfigurable computing domain. Our ability to
ing jitter and overhead. allow multiple execution threads to exist within the FPGA

Figure 11: hthread Mutex Unlock Sequence



also provides a new mechanism to exploit the full poteiit3] R. Lysecky and F. Vahid. A Study of the Speedups and
tial of the FPGA.
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