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ABSTRACT

The TRIPS hardware prototype is the first instantiation oEaplicit
Data Graph Execution (EDGE) architecture. Building the guler,
toolset, and system software for the prototype requireghsrting the
system’s unique dataflow construction, its banked regatdrmemory
configurations, and its novel Instruction Set Architecture particu-
lar, the TRIPS ISA includes (i) a block atomic execution mdideex-
plicit mappings of instructions to execution units, ang @redicated
instructions which may or may not fire, depending on the outco
of preceding instructions. Our primary goal has been to tam
tools to consume standard C and Fortran source code and gémer
binaries both for the TRIPS software simulators and hardamoto-
type. A secondary goal has been to build the software infrastre on
standard platforms using standard tools. These goals haea Inet
through a combination of off-the-shelf and custom tools. pvésent
a number of design issues and their resolution in enablind) esers
to exercise the prototype ISA using familiar tools and pamgming
interfaces. Finally, we offer download instructions foo#ie who wish
to test-drive the TRIPS tools.

1 INTRODUCTION

The development of the TRIPS processor has required build-

ing a large software infrastructure and set of toolst{ools),
including functional and timing simulators; an assembler,
linker, and binary utilities; a high-level language corepihnd
instruction scheduler; a set of optimized and unoptimized r

time libraries; a resource manager to coordinate and dontro

system resources; and a variety of build and test utilities.

To manage the complexity of compiler development, we
implemented major components using well-defined intedface
a variety of Open Source products, and modular construction

To create a runtime system in a timely fashion with modest
resources, we limited the feature set of the operating envir

between the motherboard and chips.

A key theme of software development has been to adapt
off-the-shelf solutions when possible and to create hoovegr
solutions when necessary.

The remainder of this paper is organized as follows. Sec-
tion 2 discusses the TRIPS language toolchain and the ap-
proach we used to implement a full-featured software devel-
opment kit. Section 3 discusses several of the TRIPS saftwar
simulators, enabling us to prove out a number of design ideas
during every stage of development. Section 4 discusses the
TRIPS operating environment, with its use of a host-based re
source manager to download, execute, and control TRIPS bi-
naries on the target processors. Section 5 covers the TRIPS
build, integration, and testing processes. Section 6 thescr
the availability of the tools and simulators for the TRIP$-r
totype.

2 LANGUAGE TOOLCHAIN

The TRIPS toolchain is responsible for consuming sources file
written in ANSI C, a subset of GNU C, and Fortran 77; apply-
ing both classic and novel optimizations to the control flow
structures; and generating binary objects that can bedinke
with standard math and C runtime libraries. Support for
C++ and Fortran 90 applications has thus far not been judged
critical. Toolchain construction has been guided by a well-
designed set of components lmks, each with clearly spec-
ified syntactical and calling conventions. Figure 1 shoves th
various components of the toolchain.

2.1 Architectural Constraints

The TRIPS architecture has several features that require un
usual support in the software toolchain. The ISA defines a
block atomic execution modein which program functions

ment, put the bulk of command and control on a stock desktop are subdivided into variable-size blocks of up to 128 irstru

Host PCrunning x86/Linux, used off-the-shelf software and

tions [1]. When fetched, each block is mapped onto a row

development tools for the motherboard, and defined simgile bu of architectural registers and a grid of execution unitsclEa
powerful protocols between the Host PC and motherboard and TRIPS block comprises header chunkand one to fouiin-
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to the TRIPS dataflow execution model, in which each execu-
tion node fires when its operands arrive. Cycle counts depend
not only on opcode cycles but on operand arrival times, them-
selves determined by feeds from banked architectural -regis
ters, a routing operand networ®PN), and a banked L1 data
cache.

Despite such contraints, numerous features have made the
prototype easier to program, including regular and cledely  \ye chose to support a simple version of the Executable Link-
fined instruction formats; a global 40-bit address spacéctwh ing Format ELF) to output a small number of string tables and
enables software to access any chip register or memory 10- yo.¢ 4ata andbssprogram sections. Figure 2 shows how the
cation through its unique address; and a uniform processor |, er lays out application data in virtual memory. The figur
exception model, in which all processor exceptions occur at 4154 reflects the simple but effective calling conventiorhef
block boundaries and present a consistent interface tofhe s trpg Application Binary InterfaceABI) [9]. One simpli-
ware. fication that made binutils development easier was dropping

Throughout toolchain development, we relied on @ ro- gnhort for shared libraries—all TRIPS executables art sta
bust functional simulator, an accurate timing simulatod a .1y jinked, which dramatically simplifies installing, ron-

a sophisticated set of performance tools to analyze ex®cuti iy "angd debugging toolchain components and applications.

traces, to visualize instruction placement, and to pinjpit- The utility front ends are largely platform independentr Fo

ical paths and execution bottlenecks. example, once we specified the TRIPS data types, such as 64-
bit pointers, longs, and doubles and 32-bit integers andsfloa

e A common set of application programming interfaces
that can be used by other tools, such as the simulators
and debugger.

22 Bi nary Utilities the GNU utilities transparently provided support for aditing
and accessing TRIPS scalar variables.

The assembler, |inkel’, and Other Utilities, SUChna$l Obj' However, to Support the prototype ISA and high_'eve' com-

dump, andar, are ports of the GNU binary utilitiedinutils), piler. the TRIPS-specific back ends required a significartt po

available from the Free Software Foundation [4]. ing effort. Descriptions of major customizations follow.

A number of benefits have accrued from the decision to use

the binutil kage: . . .
© binutlis package 2.2.1 Block-oriented rather than line-oriented

e Aleveraged and rich set of functionality based on a ma- assembly

ture codebase. ) ]
The GNU front end assumes that each line of a source file

e A large installed user base and an active, experienced translates into one instruction word. Once the TRIPS Assem-
development community. bly Language TASL had been defined, encoding the individ-



ual 32-bit instructions proved straightforward, simplyjué-

To save instruction count (4s. 2 constant instructions),

ing thetas assembler to parse and translate the source file athe compiler emit€ALLO andBRO instructions for all jump

line at a time [14].

However, to support the TRIPS block-atomic model, TASL
syntax groups instructions and register reads and writes in
blocks demarcated with “block begin”.l§begin) and “block
end” (bend) directives for that block. Théas assembler
therefore tracks the individual statements after the aomeni
.bbegin directive and enters them into a memory structure rep-
resenting the execution grid and architectural registéfisen
encountering the matchingend directive, the assembler tra-
verses the data structure, marks instructions that regelioe
cation, uses the GNU Binary File DescriptidBHD) routines
to translate x86 Little-Endian formats to TRIPS Big-Endian
and commits the whole block to disk.

Throughout binutils development, a balance needed to be
struck between treating instructions as individual 32almtds
and treating “instructions” as variable-size code blochs.
addition, the ISA definition of 32-bit instructions and 64-b
pointers and data types required syntactical support te con
struct 64-bit data from pieces of the 32-bit instructiond- A
though the TRIPS prototype restricts global physical askire
to 40 bits and although th#ools compiler limits programs to
32-bit virtual addresses, nothing in the ISA or assembly lan
guage definition precludes full 64-bit addressing.

2.2.2 Block integrity checking

Itis easy to write incorrect TASL code. Thes assembler pro-
vides simple error checking during the first pass while paysi
the individual instructions, to ensure that instructiomfats
are correctly specified, that immediate values lie withimge,
that proper target operands are in place, and that no blatk co
tains more than 128 instructions.

In addition, due to the target formats of the ISA, a second
round of checking is desireable, to ensure that each block is
well-formed. Hence, after each block of instructions is as-

sembled, a two-pass checker is invoked to ensure that source

instructions properly target destination instructiohstipredi-
cate outputs target instructions which in fact expect paeis,
that instructions expecting one or two operands receiva the
and so on.

An automated TASL generatag, which produces thou-
sands of lines of randomized but legal TASL code, proved in-
valuable in shaking out assembler/linker bugs before clampi

targets. Because the offset field specifies 128-byte chumks a
supports a 20-bit offset, any target withired byte-spread is
reachable.

However, for very large applications the 20-bit offset field
can be insufficient. In such cases, the linker must detect the
shortfall, “relax” the current code section, and insettaam-
poline above the current block which fully specifies the abso-
lute target address with a fabricatB® instruction. The orig-
inal CALLO or BRO instruction in the block is retargetted to
the adjacent trampoline block, which bounces executiohdo t
far-flung address. Code trampolines introduce an extra¢éve
indirection. Fortunately, the need for them rarely occurs.

2.2.4 Disassembling TRIPS binaries

The binary utilities and debugger provide several disabbem
routines. Again, the GNU model of one instruction per code
word had to be extended to support consuming a header chunk
of 128 bytes at once, parsing and rearranging the header into
register reads and writes, reading the following one to four
instruction chunks, and finally disassembling the indigidu
code words, while maintaining integrity of the complete €od
block.

2.3 Compiler and Instruction Scheduler

The TRIPS compiler isScale[8], a Java-based set of 700+
classes offering classic optimizations as well as TRIPS-
specific optimizations. Scale has proven an ideal reseach v
hicle, supporting several code generators (Alpha, Spang; P
erPC, TRIPS), configurable optimizations, and compilation
phases that can be arranged in arbitrary order.

One early design decision was to partition TRIPS-specific
compilation into two major components:

e The Scale compiler, which produces an intermediate
form of assembly code.

e An instruction schedulertgch), which translates the in-
termediate output from Scale into low-level dataflow in-
structions and maps each explicitly onto the execution
grid.

readiness. The same tool was used during hardware bringup toAs described below, this organization has enabled the gener

test processor functionality.

2.2.3 Limited reach of call-by-offset instructions

The prototype ISA defines a number adnstant instructions
which embed immediate values in 16 bits of the 32-bit word.
Using a combination ojenerateandappendconstant instruc-
tions (GEN andAPP), the compiler can construct efficient in-
struction sequences to generate addresses and literals.
Additionally, the ISA provides both absolute and relative
branching instructions. Th€ALL andBR instructions sup-
port 64-bit absolute addressing, just as @&LLO andBRO
instructions contaioffset fieldto specify target addresses.

ation of a RISC-like, high-level assembly language from the
Scale compiler and the generation of a dataflow syntax from
the instruction scheduler, with little loss in tool effic@n

2.3.1 Hyperblock generator

The TRIPS prototype accepts up to 128 instructions per block
and executes them in dataflow order and in parallel. Because
basic blocks of control-dependent applications typicatin-

sist of 5-6 instructions between branches, and becausedhe p
totype ISA disallows branches to targets within a block, one
of our key challenges has been to aggregate basic blocks into
much larger predicated hyperblocks [11].



The original goal of the hyperblock generator was simple:
join basic blocks into large hyperblocks, the bigger the bet
ter [7]. The early design of the hyperblock generator placed
hyperblocking in one of the early phases of compilation,-con
trolling the degree ofvhile andfor loop unrolling, if conver-
sions, and function inlining. The compiler broke up and then
re-constituted any of the resulting blocks that exceedgdén
the prototype constraints, such as those containing mare th
32 loads and stores.

What we discovered:

e The prototype instruction contraints arerd limits.
Even if one block in a million exceeds a hardware con-
straint, the resulting binary cannot execute properly.

e [t is difficult for early analysis to form accurate instruc-
tion estimates. In some cases, instruction counts will
be overly pessimistic due to later optimizations that re-
move instructions. In other cases, instruction counts will
be overly optimistic, ignoring potential store instructso
for spilling by the register allocator, which is invoked far
downstream from the hyperblocker.

e Block-splitting is difficult, in itself requiring not onlye-
verse if-conversiobut analysis to build new hyperblocks
from resulting fragments. Such regenerated code is typ-
ically inefficient and requires redundant hyperblocking
algorithms.

Consequently, a significant structural revision was foréed
which the hyperblock generator migrated to the compilekbac
end, to good effect. Unrollingvhile loops has subsequently
migrated;for loop migration is soon to follow. Other compiler
optimizations are anticipated:

e Hyperblocking based on execution profiles, to pull “hot”
basic blocks into the same hyperblock.

e Reducing the number of block exits, to train the proto-
type’s branch predictor in execution patterns.

e Instruction merging, to minimize the number of redun-
dant instructions.

2.3.2 TRIPS compiler driver

The dynamic nature of the toolchain has required frequest an
sometimes intricate modifications of command line optians t

various components. For example, a variety of options fer hy
perblocking, both in the compiler front end and back end, co-

existed for a number of months. To hide these changes from N[ 16]

the end user, while providing full access to individual op#,
thetcc compiler driver was developed.

Originally implemented as a simpleash script, tcc has
grown to 2,500+ lines of Perl to support dozens of command-
line options, both TRIPS-specific amtc-compatible, such
as canned optimizations@3 and-04), debugger options- (
g), and component options, includinB to the preprocessor,
-Wc,<opt> to the compiler,-Wa,<opt> to the assembler,
-WIl,<opt> to the linker, and-verbose to all. This gcc-
friendly support has aided importing large quanities o§8Rg
applications with only minor Makefile edits, as in changing
CC=gcc to CC=tcc.

2.3.3 High-level vs.
guages

low-level assembly lan-

Programmers are familiar with RISC-like, algebraic-
formulated languages which execute in program order. We
therefore defined the TRIPS Intermediate Langudgie)(10]

as a user-friendly target language, employing a simple and
consistent syntax:

opcode result, operandl [, operand?2]

Example: The following code for blockmain$4 shows
how architectural registers G3 and G12 are read into temypora
registers TO and T1 of the execution grid, how some amount of
decision-making occurs to determine the outcome of a branch
and how grid outputs are written back to registers G12 and
G13 before the block terminates.

. bbegi n mai n$4

read $t0, $g3

read $t1, $gl2

nov $t2, $tO

addi $t3, $t1, 1
extsw  $t4, $t3

thti $t5, $t4, 10

t nei $t6, $t5 O
bro_t<$t 6> mai n$3
bro_f<$t 6> mai n$5
wite $gl2, $t4
wite $g13, $t2

. bend

The instruction scheduler, charged with mapping instaucti
blocks onto the execution grid, consumes TIL files and pro-
duces target-form output.

Example: In this translated form ofmain$4, the TASL
specifies exactly how inputs are fed into the grid, which exe-
cution nodes((N[0]-N[127]) are brought into play, and where
the execution nodes direct their results.

. bbegi n mai n$4
"""""" Begi n read preanble
R3] read G 3] N 3,0]

R[0] read § 12] N0, 0]
"""""" End read preanble

N[ 3] <0> nov W1]

N[ 0] <1> addi 1 N 4, 0]

N[ 4] <2> extsw N[ 8,0] WO]

N[8] <3>tlti 10 N 12, 0]

N[ 12] <4> tnei 0 N 16, 0]

<5> nmov N 20, p] N 24, p]

N[ 20] <6> bro_t B[0] nmain$3

N[ 24] <7> bro_f B[1] main$5
cioaa oy, Begin wite epil ogue
WO0] wite d 12]

W1] wite (d 13]

"""""" End write epil ogue

LR I I B R R

. bend

The TRIPS prototype maps the virtual node numbers above to
physical grid coordinates, by using 2 of the 7 bits of the exe-
cution node number for row specifigrirection), 3 for frame
specifier g-direction), and 2 for column specifier-Qirection).



However, the ISA itself dictates no such coordinate system,

and the hardware can choose to map instructions in any way

that is consistent.

Note also that the order of TIL instructions dictates exe-
cution order. No such assumptions hold for the TASL-targets
fire whenever their operands arrive.

By supporting both TIL and TASL, the TRIPS toolchain

2.4.3 Optimized string and memory library

The dietlibc runtime library is designed to be compact and
portable across platforms but not necessarily optimal for a
given platform. For example, the dietlilstrcpy() routine has

at its kernel:

while (*dest++=*t ++);

enables programmers to express and examine their assem-

bly code in a familiar manner, while enabling the instruetio
scheduler to specify instruction placement precisely amd e
abling the assembler to translate source files easily into ma
chine code.

2.4 Runtimelibraries

2.4.1 Cruntime library

The compiler developers chose the Dietlibc embedded C run-
time library authored by Felix von Leitner for its small feot
print, base set of functionality, and portability [13]. TFS-
specific customizations have included:

e Implementing a generic system call interface, so that the
compiler treats system calls as function calls, whose def-
initions are automatically generated by thel macro
preprocessor with register setups, traps to SI@ALL
instruction, and return values.

Increasing the amount of inlining used by the compiler
and grouping like functions into multi-compilation units,
so that the compiler can inline across modules.

Defining routines in the C runtime startup modutet(0)

to interface with the program loader and set up the stack,
provide software floating point division, determine the
base physical address of the chip configuration space,
implementsetjmp(), and so on.

Increasing the amount of buffering used fyntf() and
the memory manager in calls tnalloc(), to minimize
runtime overhead.

2.4.2 Math libraries

We chose the SunSoft Freely Distributable LIBNbfdm) C
math library for its transcendental math functions [12].eTh
libfdm routines are IEEE-754 conformant, portable, and well-
tested. The intention is to replace key functions suctogy)
with those from the IBM IEEE math libraryMathLib) [5], due

to itsaccurate table methqdvhich executes efficiently on the
prototype.

Due to area constraints, the prototype includes no floating-
point divide unit and nd-DIV instruction. Starting from John
Hauser’s platform-independent implmentation of the IEEE
Standard for Binary Floating-Point Arithmetic [6], we ex-
tracted the 64-bit software divide routines, hand-tunesth
for efficient execution, and “baked” them into the C runtime
startup modulert0.0, available to all applications.

This implementation is portable and reasonably efficient, b
can be re-written to take advantage of large blocks of pred-
icated instructions. Developers have TIL-codgtpy() and
other key string and memory operations, grouping them into a
optimized librarythat the linker consults before falling back to
the correspondingietlibc routine.

A final step involves running the hand-coded routines
through the TRIPSimulated annealemwhich assembles the
source, executes the code on the timing simulator or hasjwar
records the cycle count, re-arranges instructions on fdeagf
cording to a variety of heuristics, and repeats the procesk u
a minimal threshold of cycle count is achieved.

The ultimate goal is for the Scale compiler and instruction
scheduler to produce equivalent code quality to hand-tuned
code, with their automated loop unrolling, inlining, hyper
blocking, other transformations, and instruction placeitne

2.4.4 Multiple libraries

The default toolchain behavior is to generate optimizedPRI
binaries with array address strength reduction, dead blaria
elmination, copy progation and useless copy removal, lnep i
variant code motion, scalar replacement, tree height tamyc
and other optimizations, but without hyperblockin®8). For
fully optimized applications, a set of runtime librariesmco
piled with hyperblocking is available and presented to the
linker when users compile their applications with4. Also,
for users of the debugger, thg flag causes the linker to
link debuggable libraries compiled neither with the aboge o
timizations nor function inlining so that debugging rungém
functions closely resembles those of conventional archite
tures.

3 SOFTWARE SIMULATORS

We have developed a variety of software simulators for TRIPS
from a simple ISA simulator to a detailed Verilog chip simula
tor.

Simulators in thdtoolsrelease include a functional simu-
lator (tsim_arch) and a cycle-accurate simulatasitm_proc).
Despite disparate goals, both share the same C++ code base
and key attributes:

e Abuilt-in program loader, using thH&FD utility routines,
to load the code and data into target memory, to create
TLB entries for the text and data segments as defined
by the linker, to initialize the process registers and stack
and to schedule the executable to run.

e Support forargv, argc, andenvp program variables and
for stdio, stdout, andstderr console 1/O.



e A common execution model of fetching the next block 3.1.2 System call support
of instructions, mapping the instructions onto the ar-
chitectural registers and execution grid, injecting block
inputs into the grid, executing each instruction as its
operands become ready, forwarding results to target exe-
cution nodes, and outputting register writes and memory
stores.

Both simulators provide limited system call support, dnivgy
the requirements of targeted applications. Currentlysthe
ulators support the followingbrk(), close(), creat(), exit(),
fstat(), getpid(), gettimeofday(), Iseek(), Istat(), open(),
read(), stat(), time(), unlink(), andwrite().

The C runtime library translates system calls iSGALL
) ) instructions, which trap into the simulator’s system segsi
o A set of proxy services for handling system calls. module. The trap handler in turn proxies the service request

on the host, according to the POSIX definition of the call.

e Common tracing and debugging output formats.

3.2 Timing Simulator
e A set of statistical collection routines.
In addition to simulating TRIPS processor functionality,
Both simulators model single processor behavior. A system (tSim-proc) offers a detailed, cycle-accurate model of the
simulator (sim_sys) has been developed to simulate execution Prototype TRIPS processor. It models the internal organiza
of multiple processors, enabling the user to download and ex tion and latencies of the processor and is intended to stippor
ecute one or more applications under the control of the TRIPS Processor-level performance analysis.
Resource Manager, discussed in section 4. Whereastsim_arch models the behavior of architectural
To manage complexity and guarantee deterministic behav- fedisters and execution nodes at the software-visiblel,leve
ior, all simulators execute as single-threaded processes o tsim-proc additionally models the microarchitecture struc-
x86/Linux-based hosts. tures within each. For examplesim_proc details the behav-
ior of individual execution nodes when sent commands from
the global control unit, when reading packets from and writ-
3.1 Functional Simulator ing packets to the operand network, when filling and consum-
ing internal buffers, and during block flushes and commits—i
The tsim_arch functional simulator is an architecture-level addition to actually selecting, executing, and retiringtinc-
simulator intended to model accurately the TRIPS processor tions.

architecture. It is equivalent to a traditional instruatiset On a 2.9GHz Pentium 4sim_arch can execute 800,000+
simulator (or functional emulator) and does not providd-rea simulated instructions per second. Although the increased
istic cycle counts. level of detail causessim_proc to execute 300-800 times

slower thantsim_arch, we have been pleased to confirm that

performance metrics obtained fratisim_proc closely match
3.1.1 Execution model those of the actual prototype, discounting memory latencie

outside the modeling capability of the timing simulatora-St
Beginning with the header chunk of the first fetched block, tjstical output frontsim_proc includes instructions committed
typically from the_start() routine ofcrt0.0, tsim_arch maps and those flushed (both speculatively and non-speculgjvel
the block reads onto the designated architectural registen branch predictor hits and misses, icache and dcache hits and
mapS the indiVidUal inStructionS onto the execution gI’IdCIE missesl specu'ative |oad h|ts and missesy forwarded stores

register read is forwarded to its target execution node deso OPN packet reads and writes, busy and stalled cycles, buffer
Beginning at the “firSt" aCtiVe eXeCUtiOn nOde, the Simula- Occupancy ratesl and total Cyc|es per block.

tor visits one node after another, executing each instrogfi
its input operands are available and forwarding the resulte
target node or nodes, until it has traversed the grid. Then th 4 SYSTEM SOFTWARE
simulator begins a second pass through the grid, again firing
instructions with ready operands, and a third, and so oi, unt This section focuses on system software as it executes on the
theblock completion logids satisfied, typically when all store  Prototype hardware. However, much of this same software ex-
instructions have fired, or until a program exception occats ~ €cutes equivalently on our system simulator platform. €hos
block completion time, the simulator commits all block out-  interested primarily in using the software toolchain andisi
puts, both register writes and memory stores. The next block 1ators can skip to Section 6, “Release Information.”
is fetched, based on the virtual address specified in an ®dcu
BR or CALL instruction.
Through the TLB entries, the simulator translates all mem- 41 wStem software goals
ory references to physical addresses. If a TLB miss or other System software goals include enabling efficient hardware
fatal program exception occurs, a block playback capgbilit bring-up; enabling users to download, execute, observa; ma
outputs an execution trace for the programmer. age, and debug applications; demonstrating the perforenanc
As a convenience, the simulator maintains symbol table in- and capabilities of the prototype on targeted workloadsh su
formation from the binary in order to print block and vari@abl  as on EEMBC and SPEC CPU2000 benchmarks; and support-
names during trace operations. ing full hardware utilization of processor, chip, memorggda



Figure 3: System software components.

board resources.

4.2 System software components

The TRIPS system employs these components:

e An x86/Linux Host PC to manage the motherboards and
provide a networked file system.

e A local area network to support communication among
the motherboards and Host PC.

e A hardware debugger to provide initial access to the
PowerPC 440GP registers, TLB entries, peripheral bus,
SDRAM controller; and to program the onboard flash
memory.

e A bootloader programmed into flash memory.

e An embedded Linux kernel executing on the mother-
board.

e A device driver and daemon process to mediate commu-
nication between motherboard and target processors.

e A cross-compilation toolchain for the embedded Pow-
erPC 440GP processor.

e A resource manager running on the Host PC to monitor
and control the target processors,

Figure 3 shows components of the system software.
To manage complexity, system software is organized in
layers, from device driver on the motherboard to end-user

clients on the Host PC. To leverage engineering resources,

much of the software derives from Open Source and off-the-
shelf products.

4.3 Board Software
Up to four dual-core TRIPS chips on individual daughtersard

e To service processor interrupts and pass them on to the
Host PC.

A custom Linux 2.6 kernel module has been developed to man-
age PowerPC 440GP bus transactions with the External Bus
Control unit on each of the four TRIPS chips. Extensions to

the software on the PowerPC 440GP will handle TRIPS sys-
tem calls locally.

4.3.1 Boot process

Wolfgang Denk’s Free Software project, the capable and Open
Sourceu-bhoot bootloader and Linux 2.6 kernel tree, greatly
mitigated the complexities of booting the PowerPC 440GP
into Linux [2].

During a motherboard reboot, the PowerPC 440GP is reset
and begins executing-boot from flash memory to initialize
processor registers and peripherals, including its UARAeE
net, and SDRAM controllers. After copying itself to SDRAM
and jumping there, the bootloader connects across the LAN
connection to the Host PC to download the kernel into proces-
sor memory and transfer execution to the kernel entry point.

After re-initializing board components, the kernel cortsec
across the LAN to learn its hostname and network parameters
(via DHCP), to set the onboard clock (via NTP), to mount its
root file system (via NFS), and to accept logins (via SSHD).

4.3.2 EBI adapter

At the end of boot process, a boot script creatédes/trips
device file, installs thesbi_driver.ko kernel module, and in-
vokes theebi_adapter user-level process.

After detecting which TRIPS chips are physically present
on the board, the EBI adapter spawns two threads—one to lis-
ten on a well-defined socket for Host PC commands from the
TRM and another thread to wait on processor interrupts poten
tially from all four chips.

4.4 Resource Manager

The TRIPS Resource ManagdiRM), a user-level process on
the Host PC, functions as a light-weight operating systein, i
tializing the chips, allocating memory, downloading apati
tions, servicing system calls, and monitoring performance

4.4.1 Low-Level communication

We defined a low-level Hardware Abstraction LevelAL)
consisting of a protocol and API supported between the TRM
executing on the Host PC and the EBI adapter executing on
each motherboard. The protocol is simple but powerful, con-
sisting of individual read and write requests, which always
originate from the TRM, and a signalling mechanism by which
the EBI adapter can notify the TRM of processor exceptions.

populate the prototype motherboard. The embedded PowerPC4 4.2  System call support

440GP processor serves two major purposes:

The prototype relies on the Host PC for all system services,

e To read and write addresses in the global memory space including console and file i/o, memory allocation, walldtoc

shared among processors.

access, and process termination.



When the application issues a system call, such as anenable users to configure clock speeds ammtph modes, to
open(), read(), or write(), a well-defined sequence occurs, as examine and modify current application status, and to predu
specified in [9]: statistical information.

e System call parameters are written to registeBand )
following, according to compiler calling conventions. 4.6 Symbolic Debugger

e The C runtime library places the numeric id of the system A SPecial TRM client is the TRIPS symbolic debuggeth.

callin GO, updates the stack pointer®1, sets the return Although many applications can be instrumented vpitintf()
address irG2. and issues th8CALL instruction. statements or debugged on other platforms, the desire bas be

to support TRIPS-specific data types, breakpointing, block
e The processor sets an interrupt bit in the External Bus stepping, memory and register accesses, and runtimeiéibrar
Controller unit and halts. Due to its powerful feature set and familiar interface, we

] ] ) chose to port the GNU debugggdb to the prototype. The
e The device driver on the PowerPC signals the user-level york was highly leveraged, based on:

EBI adapter, which in turn raises an exception for the
TRM. e The portable x86/Linwxgdb front-end, for command-

o ) ) line editing and platform-independent operations.
e During its main loop, the TRM pulls the request from its

network queue and discovers which processor on which e The BFD library, used to read ELF executables. which
chip on which board has caused the exception. was already part of the TRIPS binary utilities,

e After determining that the exception is due to a system e The TRIPS opcode library, already built into the assem-
call, as opposed to a DTLB translation error, a divide- bler, to disassemble instructions on a per-block basis.
by-zero error, a breakpoint, or other exception, the TRM
reads the numeric ID of the system call fr@a®, reads
the pass parameters, depending on the type of system
call, and executes the call on behalf of the TRIPS ap-
plication. 4.6.1 Host-target protocol

Those portions dfdb requiring further customizations are dis-
cussed below.

e Upon proxying the call on the Host PC, the TRM up- gdb normally offers support for remote debugging in two
dates processor memory locations as needed and writesforms:

the system call return value into G3. -~ ) o .
o A platform-specificstub libraryis linked into each target

e Finally, the TRM clears th€rocessor Status Registter executable and handles interrupts and commands from
restart processor execution. the host.
With remote servicing complete. the application resumes ex e A gdbserver runs as a proxy on the target as a separate,
ecution at the return address specifieddf. According to heavy-weight process and controls the behavior of the
compiler calling conventions. the TRM leaves the returmigal target application.

of the system call irG3. If error occurs, such as an invalid
write(), the return value will bel and the TRM will set pro-
gram variableerrno appropriately, according to POSIX con-
vention.

Both forms use a low-level string-based protocol betweest ho
and target. Building on the capabilities of the TRM, we de-
fined a higher-level protocol and an APl to communicate be-
tween (a) thegdb backend on the Host PC and (b) the EBI
. . . on the motherboard. The API includes routines to download
4.4.3 Client-level communication and execute programs, to set and clear breakpoints, toxcenti
and block-step execution, to read registers and virtual omgm
locations, and to map virtual to physical addresses.

From the debugger’s perspective, the TRM is both:

Running as a background process, the TRM server supports
multiple users and multiple applications executing on mult
ple processors. Communication between TRM server and the
user’s client application occurs across a TCP/IP socket; co
nected to the user’s terminal session. To simplify contab/l

all client requests to the TRM abdocking For example, when

the user requests the TRM server to download an executable o An operating environment, with session management,
file from the Host PC into chip memory, the user’s session will program loader, file i/o, and system call support.

wait for the request to complete.

e A virtual processor, responding to memory and register
requests and breakpointing commands.

4.6.2 Symbol table entries

45 TRM Clients The binary utilities andydb front end already provide exten-
A number of x86/Linux client utilities have been developed sive support for symbol table, data type, and line number in-
so that users can easily allocate system resources on thie Hosformation in the form ofstabsentries. However, the Scale
PC, download applications, and run them. Additional ckent compiler required extensive effort to generate symbol aral |



information. A major challenge has been to match sourcs line
against instruction blocks, as blocks typically contaimes-
ous source lines. If a code block subsumes multiple source
lines, which line should the compiler identify as the “right
line to represent the whole block? Although the compiler can
emit code with one-line-per-block, the resulting binarait-
ficially and excessively bloated.

To that end, the GNU Dynamic Data Debuggeddd) has
been ported to the prototype system as a front ertdtig3].
By providing a friendly user interface and scrollable visua
listings,ddd enables users to orient themselves in their source
code while stepping through their application.

4.6.3 Breakpoints

The processor offers bottreak-beforeand break-afterhard-
ware breakpoints on a per-block basis. Built on top are TRM
functions to set and clear both types as well as GNU platform-
independent functions.tdb uses a mix of functions for its
breakpointing support.

When execution has stopped on a breakpoint and the user
issues acontinuecommand,tdb uses TRM functions to re-
move the currenbreak-beforebreakpoint, set dreak-after
breakpoint, and continue execution. When it almost imme-
diately hits thebreak-afterbreakpoint,tdb uses TRM func-
tions to restore the origin&reak-beforebreakpoint, clear the
currentbreak-afterbreakpoint, and resume execution transpar-
ently. In this manner, the user interacts with the debugger i
familiar fashion.

Note that due to the TRIPS block-atomic execution model,
single-stepping itdb translates tdlock-steppinghrough the
binary; that is, breakpoints are set at block boundaried@s t
processor executes a whole block at once. Externally, arogr
order is maintained, but within a block instructions fire ann
deterministic order, governed by latencies within the apdr
network and memory request fulfillments. A future enhance-
ment will enable the programmer to pinpoint processor §ault
such as a divide-by-zero instruction; namely, an ISA simula
tor sewn into the debugger will replay the block in software t
identify the offending instruction.

4.6.4 Stack unwinding

As with anygdb port, we needed to implemestack unwind-

ing routines to provide backtracing, pass parameter, and local
variable information. Our debugger required two key enkanc
ments:

e In order to examine the current stack frame at function
invocation, the compiler changed its stabs generation to
ensure that breakpoints are set alwajter the function
prologue.

4.6.5 Physical addressing

gdb restricts itself to virtual addresses, as determined by the
linker at link time and the call stack at runtime. In ordertips
port physical memory lookups, we developed a private inter-
face to the TRM, by which the debugger can query the phys-
ical address of a given virtual address. Tddb e(X)amine
command has been extended to provide such lookups.
Example: The following interaction is based on tharys-
tonebenchmark, when a breakpoint is set at funcwac_7()
and program variablnt_Loc is examined.

(tdb) c
Cont i nui ng.

Breakpoint 1, Proc_7 (Int_1 Par_Val =2,

Int_2 Par_Val =3, | nt_Par_Ref=0xffffeecO)
at dhry.c: 473

*| nt _Par_Ref Int_2 Par_Val

(tdb) ptype Int_Loc

type int

(tdb) p Int_Loc

$1 1

(tdb) p & nt_Loc

$2 = (One_Fifty *) Oxffffee50

(tdb) x/p & nt_Loc

Oxffffee50: paddr=0x0147ffee50

+ Int_Loc;

We learn from this interaction th&t_Loc is an integer vari-
able, is defined as an application-specidne_Fifty type,
holds a value of “1", resides on the stack at virtual ad-
dress Oxffffee50, and occupies physical memory location
0x0147ffeeb50.

5 DEVELOPMENT PROCESSES

5.1 Source Code Management

We use the Concurrent Version Syste@VQ to automate
nightly builds from several local and remote source repos-
itories. Nightly cron jobs pull from the repositories, build
toolchain and supporting components, run some number of
“sanity checks” against the newly built components, and if
successful, create a 130MB root file system with those com-
ponents. Unless one of the key components breaks, devsloper
enjoy fresh bits each morning.

5.2 Regression Testing

To verify operation of constantly evolving toolchain compo
nents, thousands of nightly regression tests are run dféer t
root file system is installed. Depending on a weekly rotation
schedule, tests last from 2 to 16 hours.

5.2.1 SPEC CPU2000

In order to determine which values are pushed on the Because the prototype supports both streaming and irmregula
stack, the debugger uses extensive disassembly and analcontrol flow applications, the SPEC CPU2000 benchmarks
ysis of the prologue, to trace the possible source of representimportant workloads. To maintain the integritye
STORE instructions back to the stack pointer. SPEC CPU2000 framework, care has been taken to customize



only platform-specific information, such as pointer typ&i-de A variety of published papers are also included, as areslide
nitions and Fortran formatted-output specifiers, and tedéa from the HPCA-12 full-day tutorial, “Design and Implmenta-
place the originafunspec tool and directory structure from  tion of the TRIPS EDGE Architecture.”
the SPEC distribution media.

With a few simple commands, users can specify the .
toolchain version and compiler flags to use, build the bench- 6.3 Download Instructions
marks in parallel, package the binaries and download them a request page for thigoolssoftware is simple to fill out:
to the Host PC, run them on the hardware, and generate  http://www.cs.utexas.edu/users/cart/trips/ttools-req/
email reports, Webpages, and graphs showing block and cy-  The form asks you to enter name, institution, email address,

cle counts. and technical interest. Within 2-4 days, you will receive a
download invitation and details concerning how to instati a
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