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Session S3A

THE UCSC KESTREL HIGH PERFORMANCE SIMD PROCESSOR:
PRESENT AND FUTURE

Francisco Mesa-Martinez, Eric Perlman and Richard Hughey

Abstract— The UCSC Kestrel parallel processor is a Kestrel Academic I mpact

single-board linear array processor with 512 8-bit process- . itself h uni . ith
ing elements. In the process of building the machine, WQC Santa Cruz describes itself as a research university wit

have touched nearly all aspects of computer engineering, frofl]! Uncommon commitment to undergraduate education. One
VLS layout to board design and debugging, and from devich the mos.t important aspects of t.h|s commitment is the ready
ncorporation of undergraduates in our research programs. In

drivers to new algorithm development. The programmable ar X -
ray is primarily designed for several core algorithms fromComputer systems development, this can be a tricky process,

computational biology, on which Kestrel can outperform &S undergraduates are either not prepared to design a new

workstation by a factor of 20. We have also considered S0MPUter system or just about to graduate. The success of
variety of other algorithms, including graph coloring, Com_Kestrel stems from having all initial designs developed and

putational chemistry, and neural network evaluation. evaluated by a core group of graduate students and faculty.
Once the basic architecture was complete, we were able to

Index Terms— SIMD, parallel processing, computer ar- incorporate growing amounts of undergraduate assistance in
chitecture, undergraduate research, computational biology chip layout and system software development. The second
generation machine has been undergoing a similar evolution
— faculty, graduate students and experienced Kestrel under-
graduates, designing the system architecture in sufficient de-
tail to break apart and distribute tasks among our new summer

, : . colleagues. We have strong hopes that the second generation
The UCSC Kestrel parallel processor is a single-board I'ne?{ardware and software will be as successful as the first.
array processor with 512 8-bit processing elements. In the

process of building the machine, we have touched nearly all

) . |
aspects of computer engineering, from VLS| layout to boarlEzigure 1). The focus of this project has been the development

design and debugging, and from device drivers to new a . . : . :
: ... and implementation of alternative architectures and applica-
gorithm development. The programmable array is primarily. . : .
ions for parallel computing. A project of this nature must

designed for several core algorithms from computational bii'nvolve a wide range of disciplines associated with Computer
ology, on which Kestrel can outperform a workstation by ngineerin Thisg rovidespan invaluable academic ef eri-
factor of 20. We have also considered a variety of other al- 9 9. P P

. . . ' . ., _ence to our students, by offering them the kind of practical
gﬁgtzgj};ﬁnﬁgfxﬁgeﬁﬁaigﬁmg’ computational Chernlstryi’:md theoretical knowledge that can not be obtained through

_ _ . ~ more conventional academic methods.

Kestrel has had major success both in building a working sy dents can get involved with the project in several ways.
system and in involving undergraduates in the development &,me students are invited to join the project after displaying
the hardware and software. Several core Kestrel people begaky.entional qualities while participating in any of the courses
working on the machine as undergraduates and later joingghing taught by the Kestrel teaching staff. Other students join
our Master's and Doctoral programs. With the constant flowy,r project as part of a class project or thesis topic. In fact,
of new undergraduates into the project, we have developeda,ny of the graduate students who take the advanced com-
core set of exercises for gaining experience with this singléser architecture classes, use Kestrel as part of their final
instruction, multiple-data stream (SIMD) machine. New stupgiacts, enabling them to participate in a current architec-
dents complete several basic programs, such as sorting &g research effort. Students are also welcome to join and
polynomial evaluation, an(_:l one or two more complicated alget involved with our team given that they display the nec-
gorithms, such as dynamic programming sequence cOmp&lssary motivation and skills. During its lifetime over twenty
ison. After this introduction to the Kestrel architecture a”dur_\dergraduate students have participated in the Kestrel group.
assembly language, the new researchers then move on o thfjjase undergraduates have worked on many areas frequently
individual projects. not part of the standard curriculum. Eight graduate students

have also participated. The project has generated two PhD’s

Department of Computer Engineering, Jack Baskin School 0and several Master’s thesis. Over the years Kestrel has em-
Engineering, University of California, 'Santa Cruz, CA 95064,6|0yed two postdocs and two faculty members. The number
{javi,ericp,rpi} @cse.ucsc.edu, http://www.cse.ucsc.edulresearch/kestrel Of undergraduate and graduate students involved in the project
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Fig. 1. UCSC Kestrel timeline.

Fig. 2. UCSC Kestrel SIMD computer.

will grow significantly this year as the design of the second
generation Kestrel system is going underway.

As a measure of the success of our program, NOt JUSE §= i o ’
producing a working system, quite a few of our students havi PE > PE L5 PE |3 PE > <« PE ]
received dean’s awards due to their research results. Seve 0 ! 2 S D
graduate students have also produced thesis based on work N SN AU N —— :
rectly related to Kestrel. Due to the large amount of computé 1
design and implementation experience gained by our studen; ARRAY CONTROLLER
they become extremely employable giving them a clear edg < "
over their fellows. Our students have joined several major e gag rio — \\j e
gineering firms upon graduation, while others have gone on t
further their education by joining graduate programs in @Ngis------------ oo B
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Kestrel Architecture

The first generation UCSC Kestrel processor is implemented Fig. 3. Kestrel board architecture.
as a systolic array [8] of 512 processing elements (PEs). The
system’s configuration as a linear array is ideal for such tar-

get applications as sequence analysis, at the same time that o . _
it provides a simpler and more flexible programming modefire distributed among several chips, instruction broadcasting

than more complex multiple-instruction, multiple data strean¢an easily become more taxing than the actual time to exe-
(MIMD) machines would when applied to the same domain ofute the instruction. In order to solve this bottleneck Kestrel
problems [7]. For the applications that we were envisioningmplements a board-level instruction issue and broadcast [4].

programmabi_lity \was more importa_nt thanllarge local MEMO- |, order to handle inter-PE communication each PE shares
ries or reconfigurable interconnection fabnc; [4]. We_bellev% file of registers with its left and right neighbors. These regis-
our SIMD a.pproach to be amore cost effective solution Fhaper banks are known as Systolic Shared Registers (SSRs) [9].
systems using fully reconfigurable general purpose mUIt'proAlthough this topology might seem limiting at first, it al-
cessors [5], [6]. . . . o lows for computation and communication to occur concur-

.Ea<.:h processing elementin the array is 8-bits wide and co ently. When a result is stored in the SSR after the instruc-
teluns its ?vyn local mtlaggré:&dbdatsp%t]h.t '_I'hel Kestrttalﬂl;)oar on has been completed it is immediately visible to the next
atso Eon ans severﬁlvl I an tf] a |nt1/p etmetn € 'r]5E, thus communication takes place automatically (Figure 4).
struction memory (IM) as well as the Inputoutput qUeUEs o yqresses to the SSRs are issued globally in order to pre-
(I_Qm, OQm) [3]. Instruction broadcastlng_and sequencing Iy adjacent PEs from writing to the same bank at the same
performed by an on boarq controller, that is also in charge e. This communication method is both elegant and effi-
memory management (Figure 3). '_I'he whole system is se ent since it greatly simplifies the design of the PE and al-
co_ntamed and implemented as a single full length PCI car, wing most of its area to be dedicated for processing and
(Figure 2). memory.

Like most SIMD processors Kestrel broadcasts each in-
struction to each PE in the array. Due to the relatively large In the following sections the architecture of the controller
number of PEs that Kestrel has, and the fact that these PEgsd the processing elements are discussed in further detail.
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Unlike most of the elements in the datapath the multiplier unit
is 16-bits wide, due to the fact that it takes two 8 bit operands
(A,B) and produces a 16-bit result R. The result is stored us-
ing two 8-bit registers, a normal result register holds the least
significant byte, whereas a special register (multiHi) stores the

i
0
1
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3
4
5

[LIEN[RINIE )

g [orsr :
FE N LorsureR] MULTIPLIER R — hlgher order byte [4]
SN : AL The Kestrel multiplier implements a Modified Booth mul-
AToR ] X tiplication algorithm. By converting some of the half adders
% | PEnLEFT PENRIGHT —3 in its design to full adders, the multiplier is able to complete
a1 | Registers Registers 3; ti ltiolv b | f | f
7777777777 . \j\\/ no ]Ufstarriutlpy ut also to perform tWO accumu ate func-
tions in a single cycle. The fact that this unit can complete
,,,,,,, . : .= ToCTRL a multiply-accumulate-accumulate each cycle allows our de-
Global Wired-OR Signal sign to offer a significant advantage when dealing with multi-

Fig. 4. Kestrel processing element overview. precission multiplications [11]_

Bit Shifter

In order to better handle data manipulation and resolution of

The controller is implemented using an FPGA. This deviceonditions, a bit shifter is included in the datapath. The bit
serves as the instruction sequencer for the system. The cahifter is implemented as a simple 8-bit shift register that can
troller also handles the board’s I/0 by interacting with the onshift its data left or right by one bit. The conditional process-
board PCI interface chip. The program instructions receiveihg enhances the ability of each PE to evaluate nested condi-
from the host computer are stored in a separate instructigions based on local values. If not implemented carefully the
memory (IM). The Kestrel controller is programmed by usingfunctions needed to resolve conditions in SIMD machines can
54 bits of the 96-bit instruction word. The remaining bits aretake more cycles than the outcome functions themselves [4].
used as the instruction to be broadcast to the array. In the Kestrel architecture, each clause of a conditional is

Each cycle, the controller must decide whether or not datiroadcast to the whole array so that the PEs that test positive
is read from the input queue, whether or not data is written téor the condition can be kept activated and can proceed to ex-
the output queue, and whether or not the immediate field in thecute the outcome code, while those PEs that fail the test are
instruction should be replaced with data from the controller. Anactivated.
small amount of local memory and logic is used by the con-
troller in order to enable loop counting and the recirculatior-Omparator
of data among the PEs. When a critical condition is reachethis unit compares the result from the ALU with a third
by the system the controller will generate the correspondingperand C. The maximum or minimum element from the eval-

Controller

interrupt to inform the host about the board’s condition. uation can be selected as the result R for the instruction. There
are three supported types of top-down comparison: unsigned
Processing Element comparison, modulo 256 comparison and signed comparison.

. The comparator allows the Kestrel PE to deal with multi-

. Precission operations in fewer cycles than more conventional
element (PE). Each Kestrel PE has the following elementsr'gtchitectureg 4

its datapath: 8-bit ALU and comparat8rx 8 multiplier, bit
shifter, and result selector (Figure 4). All the elements withirResult Selector

the datapath are designed to complete one operation per qu‘%e last element in the data path, the result selector, decides

;Iiir;e ,Al\rliﬂuv?g: ;fazgtrjilté?gz ?:(i;ome extra functionality . nithe final 8 bits that will be stored as the result for the current
pand the scope of possible : . . ) .

applications for the architecture. operation. For operations involving the ALU a selection can
be made between the actual result R or the operand C from

the instruction. The result can be forced to one or the other

of these values, or it can be chosen by a flag in the ALU,

The ALU takes two 8-bit operands (A,B) and a carry bit agcomparator, bit shifter, or the shift register from a neighbor

inputs. The A operand always comes from a register whil€E.

the B operand has several possibilities. The ALU produces an

8-bit result R and a carry output bit, the result can be storeﬁRA'vI

back into a register, and the carry bit can be stored in a latdBach PE contains 256 bytes of local static random access

ALU

for future use. memory (SRAM) that can be used as local storage. The PE
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can access its SRAM in two modes, absolute and indexed. instructions that have to wait until the completion of the WB

absolute addressing the address is the immediate 8-bit valstage, and uncoditional, counter, and return jumps that can be

specified in the instruction. For indexed memory accessessolved directly at this stage.

the immediate value and operand C are added. Each PE has ]

its own decoder and address generator to access its private |nstruction Decode

SRAM. Usually the only reason to stall the pipeline in ID is if a late
The size of the local memory was determined by varioufump was passed on from the IF stage. If this condition arises

factors. First, our PE has 8-bit addressing space that putsig controller will stall the instruction currently present at the

specific limit of 256 words to its addressable memory. SedF stage until the current late jump clears the WB stage.

ond, the size of the SRAM was determined by the best possi- If no other problems are reported, the instruction latched

ble tradeoff between number of PEs per chip and the size @ifom the previous stage is then decoded and passed to the next

local memory. For most of the target sequence analysis app8tage. Immediate values for the PE array are also generated at

cations 256 bytes of memory per PE seemed to be enough [This stage. Branches from IF must also be resolved now.

Second Generation Kestre EX: Instruction Execution

In order to increase the performance of the current system oBuring EX the array instruction, that was broadcasted at the
research group has started the design and implementation&sfd of ID, is ready to be executed by all the active PEs. The
the second generation Kestrel SIMD computer. Due to thBES access their local data at the beginning of the cycle, cal-
large cost associated with the design and fabrication of custogtllate and then store the result. At the end of the stage the
PE chips, the new system will be implemented using the sanfa!tput from the array is then latched by the controller.
PE technology. The design effortis being carried outby anew .
team of one graduate and eight undergraduate students. WB: Write Back

The most obvious choice for a quick performance gain waghe result produced by the array are written either to a tempo-
to increase significantly the number of PEs on board, thus tirary memory location (MDout) or to the output queue (OQm)
new Kestrel computer will support 1024 PEs versus the 51&hich will allow the data to be shipped back to the host via
that are present in the current implementation. The new revihe PCI bus. The controller performs several memory man-
sion of the system also has an increased amount of local memgement operations, such as checking the current state of each
ory, for both the instruction memory and the 1/0 queues. Thgueue and register file visible to the controller. If one of these
fact that the controller is implemented using a single FPGA almemory locations might be reaching their storage limits, the
lows for continuous revisions of its design without any phys<€ontroller will raise an interrupt.
ical modifications needed to be done to the final production
board during its lifespan. System Software

In order to take full advantage of the PE chip’s actual speeg, important part of the Kestrel project is the development
the second generation Kestrel board will be implemented ugst 5 supporting software framework that will provide the end
ing a pipelined controller. The target speed for the pipelinegdsers with both a quality development environment, and a
controller is 100 Mhz while the execution units will be run-jayer of abstraction from the hardware. Most of the develop-
ning at 50Mhz. By using double the number of PES runningnent for the kestrel drivers and remote application server for
at double the speed of the first generation system, the secopgstrel are being carried out by two undergraduate students.
generation Kestrel will have.a 4 fold performance increase Currently all programs for the Kestrel processor must be
over the currentimplementation. written in kasm, the Kestrel assembly language. The require-

Kestrel Pipeline ment for programs to be written in assembly ha_s limited much
of the use of the Kestrel processor to applications developed
The new controller is implemented using a four stage pipelineat UCSC, most notably the Smith & Waterman search [13].
The duties of the new controller are a superset of the ones thgork on a compiler has started and will make writing Kestre
first generation controller has to perform. The introduction ooftware easier. The compiler will use a language similar to
pipelining will allow for more efficient and flexible program- C and it is inspired by previous successful SIMD compilers
ming models. The four pipeline stages are discussed in moggich as C* [12] and MPL [1], [2]. Efficient SIMD compilers

detail in the following subsections. are an active area of research in our group, we are studying
) efficient partition and scheduling strategies for systolic arrays
IF: Instruction Fetch [10], [8].

The controller fetches the instruction from the instruction )

memory (IM) pointed by the current PC value. Jumps and Running Code on Kestrel

conditionals must resolved before generating the new PThe software developer has two ways of running programs on
value. There are two types of jumps: data-dependent jumigestrel, either directly on the actual Kestrel hardware or on a
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fully functional, byte compatible, simulator that can be run o Send and receive queu
a normal workstation. Client Program data and programs. | Server
Processes input and output from |- -------------~- Sends data from client progran to thg
Kestrel programs are loaded through a local area netwoflestel progam. board, and from board to client.

to one of several machines that have Kestrel boards installed,
these machines act as compute servers for the client work-

stations. Input data is sent through the same connection, as DO oom eyor of abetraction
are the results. The original server was based on an exampl@e‘:ggcykfgv‘ﬁ;ble oo, 10 physicatboard.
network application shell for Windows NT. This script was ‘
modified to communicate with the board directly over the PCI Kestrel Board
bus. Due to its inherent lack of scalability, this server is being Runs the program.
phased out as the project moves towards using Linuxand Unix -=---------- etuwork Lnk
host systems. This move was prompted in order to decrease

costs and enable students to interact with the internals of the
operating system in order to implement higher performance
drivers and server subsystems.

T
1
: Look up available board. ‘
1
I

Fig. 5. Kestrel software architecture.

_ . of data. To solve the problem, we are developing an enhanced
Server and Driver Architecture server that allows programs written in Java to run directly on

For the implementation of a new Kestrel server, it was decidg@® Kestrel host machines.
that Unix would be a much better platform, allowing easy This Work is based based on a prototype created by re-
remote access to the server. The driver and server portiogg§archers at UCSF, who wrote a Java based client-server ap-
are now separated to allow easy porting to other p|atf0rm§_lication for doing Smith & Waterman searches directly on a
The driver, which is loaded into the Unix kernel, handles lowkinux machine with a Kestrel installed. Under this approach
level communications with the processor board over the Pcach host will have a local library of Java applications, sup-
bus. The driver deals with issues such as keeping the inpR@rting Kestrel code and databases.
queue full and output queue empty. Kestrel drivers are cur- The application server is being implemented in Java, using
rently available for Linux 2.2 kernels and OSF. The driver igts ability to dynamically load code, and providing a security
responsible for servicing the board’s interrupts, generated Bjodel allowing strict limits to be placed on the foreign code.
the Kestrel controller, which usually indicate an empty inputlhe Kestrel application server runs inside a java virtual ma-
queue or unflushed output queue (Figure 5). chine on each server. The server interfaces with the Kestrel
The server continually listens to the network and allows reboard through the Kestrel server using the Java version of the
mote users to load and run Kestrel programs. Unlike the olglient library. The application server listens to the network,
server, the new one has support for loading multiple prograrrfﬁ‘d has its own communication protocol. A remote user must
onto Kestrel at the same time, changing the active progrartpad a program class, either over the network or from the local
and sending data to and from the board in small pieces. TH#e system. This program is responsible for loading the ap-
client communicates with the server through a TCP conneOpriate Kestrel programs to the board and parsing the data
tion. The connection is initiated by a function to get a KestrePetween it and the remote user.
board, which communicates with the directory server to find Having many commonly used programs on the servers will
an available board. make the Kestrel board much more accessible for those re-
A client library was created to allow a C programmer toSearchers wanting to use the system for any common task suit-
communicate with the Kestrel board from a remote machinéble for a high performance SIMD machine.
The interface allows a remote program to communicate with
the board while it is running, making it possible to load dif- Concluding Remarks

ferent programs and feed it different data depending on thee gesign and implementation of a working high perfor-
results of previous queries. It can also allow processing ORance computing system like Kestrel has proven to be a chal-

both the Kestrel board and remote machine at the same timgnging and complex task. The development cycle for this
This interface works in C++, with a Java version forthcommgproject has involved a multitude of areas in computer en-

gineering, such as core architecture design, system design,
VLSI, routing and placement, board level design, FPGA syn-
While the Kestrel server allows remote users to connect tihesis of large systems, testing, VHDL, device driver and sys-
Kestrel via a network connection to run programs, it still doesem software design. This sheer breadth in the scope of dis-
not give remote users the same performance that would leglines has allowed the students involved to obtain a unique
expected, if the board was physically located in their workiearning experience that has provided them with a large set of
station. The network can prove to be a major bottleneck foproblem solving skills. The students involved in our project
applications that need to either send or receive large amouritave demonstrated an excellent technical and practical prepa-
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ration for future careers in both academia and industry.

Kestrel has been used for several years in our graduate com-
puter architecture, parallel processing, and computational bi-
ology courses. The current design and implementation of the
second generation Kestrel system has boosted significantly
the amount of students currently involved with the project.
Once the new systems are complete, we hope to use Kestrel in
a new undergraduate parallel architecture and programming
course as a means of including novel computer architectures
and system designs in the undergraduate curriculum at UCSC.
It is our hope that with these new boards and updated system
setting, students at many other universities will have a chance
to explore the power and elegance of SIMD computing.
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