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Abstract- One of the major topics that reflect the stat¢hefart techniques of high-performance
computing is the analysis and design of high-performaipediped processor. This study covers
three inter-related areas: computer architecture, compug@nization, and implementation. In
the content of computer architecture, a pipelined procegsiks on the principle of exploiting
instruction-level parallelism inside the pipeline and lekmg thread-level parallelism among
multiple concurrently operating pipelines of a supersgalacessor. In the design process, it is
crucial to understand and analyze the operation of ingirupipeline in its complicated space-
time relationships of running an instruction stream oveitiple stages of the pipeline, the
extensive existence of various types of data and contmardi® among instructions, and the
distributed control mechanism of handling variable latencit operations. In this paper, we
present a series of design and analysis steps, whieghpuétogether into a design methodology
of high-performance processor. Our experience showsudiag such a sophisticated design
methodology significantly improved understanding of thmgyple of operation of computer
pipelines. Moreover, derivation of the design methodplpgoduces a valuable concept of
exploiting thread-level parallelism inside the pipeline, whichuld allow additional instruction
stream to be running in parallel with the original pipels® as to improve the effective
throughput of the entire pipelined processor.

1. INTRODUCTION

The design of an instruction pipeline consists of ttlewing steps:
1. Instruction set design

Design of the structure and initial datapath of the pipeline
Analysis of data hazards and control hazards

Final pipelined datapath design

a > 0N

Simulation and/or implementation of the operationatiel@f the pipelined processor.



6. Testing of the model and possible backward iterationh@irhprovement of the design.
It should be noted that for the derivation of the basisign methodology we will concentrate
our attention on Steps 2 and 3, while Step 1 can beettr@ata given specification and Steps 4 to
6 may create the iterative application of our basidgtemethodology. Furthermore, Step 2
allows the potential of setting an environment to exptoitlitithreading for achieving higher

performance of the design than the original pipelinedgssor without multithreading.

2. INSTRUCTION SET DESIGN

Although the instruction set design is at the basielle¥ instruction set architecture, we
don’t need to design a concrete instruction set. To iibestite design methodology, we just need
to assume a most prevailing model of the current high-peaioce machine to be the target of
hazard analysis and its supporting datapath. For examplenay take the simplest register-
register RISC machine architecture and its three-addrsgsétion format as our target of study.
This choice would determine the qualitative parametererdtian the quantitative ones. By
qualitative parameters, we mean the minimum fully-fiomal set of instruction types, each
having a distinctive execution mode. By quantitative parasietee mean word length,
instruction length, memory size, and the number of C&listers, etc. For our limited purpose,
we take the required basic instruction types, sucAla$ ALUimm Load/Store Compareand
Branchinstructions plus &loOperationinstruction. The execution procedures for these types of
instructions are shown in Table 1, wh&@&means destination regist&smeans source register,
PC means program countanemmeans memorylisp means displacement, afckx means to
setRdaccording to conditiorx, wherexx can be >, <,, , =or . Inthe practice of the actual

design, more complex and advanced instruction types mustinsalered as well.

Table 1. A small instruction set in terms of instructigpes

Instruction Type| Execution Procedure
ALU Rd (Rsl) op (Rs2)
ALUImm Rd (Rsl) op imm
Load Rd  mem[(Rs)+disp]
Store mem[(Rs)+disp] (Rd)




Compare SxxX | Rd=1 if (Rs1) xx (Rs2) else Rd=0

Branch PC (PC)+offset if branch taken, else go on if branctaken

NoOperation Go on, no other action

3. DESIGN OF THE STRUCTURE AND INITIAL DATAPATH OF THE PIPELINE

This step is the consideration and design of the fumetidecomposition of the datapath as
well as the mapping of the functional steps into theespwnding stages of the pipeline. In case
there is the conflict use of resources between twoareratages, the resulted structural hazard
must be resolved. At this point, we assume that ajestaf the pipeline work independently of
one another using non-sharable hardware, temporarilyrirgnthe possible existence of data
hazard and control hazard among stages.

A five-stage pipeline is chosen as our example.eXeeution process of an instruction can
be divided into five separate stages, i.e., instrucedchf(IF), operand fetch/instruction decode
(ID), operation execution (EX), memory read/write (M}$ well as result write back (WB). In
this step of the design, the obvious issue is how tduesbe structural hazards caused by the
conflict of using (1) memory and (2) general-purpose regseer For the former, both the
instruction fetch and the operand fetch need to use meahdng same time, but at two different
stages of the pipeline. This conflict can be resolved byammg disjoint memory modules. For
the latter, the conflict of using general-purpose regséerfor reading and writing data in two
different stages can be solved by using a two-phase clgokloan a common general-purpose
register set such that the clock signal acts onrit® ywort in the first phase and acts on its read
port in the second phase, hence implementing a reaewaite protocol for the interleaved
operand fetch process.

However, in the reality of datapath design for mooenglex instruction set used by a
restricted CISC register-memory architecture, it wolllslaonly one of the source operands to
be accessed from memory. In such a complex case owlel Wwave to design a six-stage pipeline
with the functional decomposition in the following seque: Instruction fetch Instruction
decode and Register operand acces#\LU operation execution (including effective memory
address generation) Data memory access Second ALU operation execution for register-

memory instruction type Write back to the destination register.



4. ANALYSIS OF DATA HAZARDS AND CONTROL HAZARDS

Our experience shows that Step 3 contains the md&tatprocedure in the design of an
instruction pipeline. Careful analysis of data hazardscamtrol hazards plays an important role
in the design and implementation of the control meamanor achieving a fully operational
pipeline datapath with optimized performance.

There exist many cases in which an instruction needstt¢b fi data item before it can be
produced by a previously-executed instruction, thus causingaehdasrd. It might be natural to
think that any data hazard can be solved by stalling thdin@pe/henever it is necessary.
However simply stalling a pipeline can cause too largacaifice of the pipeline performance to
be an acceptable solution. To avoid the loss of us&fuk cycles, we should find the source of
the data as early as possible when the data is justagetidry a functional device, then we can
immediately forward it from the output of that devioetlhe destination of the data via a specially
designed forwarding path. However, there are two ditiiesilin this type of hazard analysis: (1)
we need to make an exhaustive search of all possibtectien pairs in order to find all possibly
existing data hazards or control hazards and then ddsgecotresponding forwarding paths as
the remedies, (2) we need to derive the logical exgnesdor the control of all the forwarding
paths and pipeline stalls for acting on the correct deaicéhe correct pipeline stages. To
overcome these difficulties, we introduce a graphicahoekthat makes the hazards to be easily
revealed. This method is simple to use for defining tlzartatypes as well as deriving the logic
expressions for the hazard control.

As the example in the following discussion, the semstruction types defined in Table 1
will be used for the analysis and design of the aforgimeed 5-stage pipeline. We will show a
complete set of nine typical cases of hazards thguine separate forwarding paths or stall
mechanisms for their resolutions. At the same time,will show how the hazard analysis is
used to help in deriving the simplest logic expressiomstHeir corresponding control in the
datapath.

As the basic requirement of hazard analysis, we can thie graphs of analysis for all nine
cases of hazards as shown in Figure 1.
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Figure 1. Analysis of nine types of data hazards and cdrdrairds

Based on these graphs, we can derive all the logic expnssof control. We introduce the
general rule for our analysis as:

Each expression must inter-relate the correspondingf sggnals that are active in the same
clock cycle. This means that the starting point of daciarding path must originate from an
interstage register with its output signal connectethéodestination device in the same pipeline
stage so that the output of the interstage registerrenshput of the functional device are active
in the same cycle. In other words, the source of thee mast be latched in an interstage register
so that its output signal can be active and synchrondtasthe input signal of the destination
device during the same clock period.

By using this rule, we introduce a clear concept of d¢hsted control in the sense that the

control at each stage uses only its own local signatkependent from other stages of the



pipeline. This distributed control implements the indegenénd concurrent parallel operations
at all stages of the pipeline.

To give a more detailed discussion, we will show thaelyass of two cases selected from
Figure 1. For the convenience of generalizing the resuliagbrd analysis, we classify the
OPcodes of the instructions into the following groups udiegcbrresponding notations:

ALUsource Group of ALU, ALUIimm, and Sxx instructions which producel atore the
result of ALU operation in the destination register & the source data to be consumed
by the corresponding destination instructions. In the elawipforwarding, this data is
actually at the output of the ALU being latched in thenstage register EX/M and is to
be used for forwarding.

ALUdest Group of ALU, ALUimm, Sxx, LW/SWaddr instructions consugni data
accessed from at least one of its source register3 Ry include ALU (Rsl or Rs2),
ALUIimm (only one Rs), Sxx (Rsl1 or Rs2), LW/SWaddr (loaatkstwith only one source
register Rs used as the address register).

SWaddrvs. SWdata

0 SWaddr is used to denote the store instruction which corsua from its

source register Rs. It is used as the address registerifimg the existing data in
Rd into memory.

0 SWdata is used to denote the store instruction which casdata by writing the
contents of its register Rd into memory. That meaostd |Rs and Rd are source
registers, but Rs is used as address register, while Reédsas data register.

Branch The branch instruction which consumes data from digrce register as a
condition of determining the outcome as “branch taken™wanch untaken”. The
condition is used by a zero detector in its ID stagerdfore, all the forwarding paths
going to a branch instruction are destined to there.

Example 1 Case 1 in Figure 1.

This case occurs between ALUsource and ALUdest. ludes two forwarding paths from
the ALUoutput that was latched in the interstage regiEX/M and then forwarded to the upper
input multiplexer or the lower input multiplexer of t#dU in the EX stage. So the logic

expression for control of the multiplexer relativeQase 1 can be derived as:



(EX/MOPcode = ALUsource) AND (ID/ERPcode = ALUdest)
AND (EX/IMRA = ID/EXRS)  ..evvviiieeiieeeiiiiieeeeiie e eenn(1)

Note: (1) Since ALUimm does not use lower input mudtielr of the ALU, the
logic expression for the ALUdest group should be ifieatiby
removing ALUimm from it.

(2) The OPcode of NoOperation should be excluded the expression if

it may cause any side effect.

Example 2 Case 4 in Figure 1

This case occurs between ALUsource and SWdata. It gliffem case 1 in two ways: (1)
there is an irrelevant instruction between the twaedlanstructions to make the distance equal
to 2, and (2) the second instruction is a store instruetioinh needs to have its source data in
Rd forwarded from the first instruction to be stored immmoey. Although we can latch the data
in the interstage register M/WB via the interstagestegiEX/M, we do find in the graph that it
is still too far to forward the data from there to tfea input of memory. Thus the only way to
avoid a pipeline stall is to forward the data fromiistage register M/WB to the EX stage, and
from there through a multiplexer latch the data ifte interstage register EX/M, and finally
reach the write port of the data memory. Thus thevdoding path needs to go through a
multiplexer in the EX stage and the interstage regiE¥M so as to finally reach the data input

of data memory. The logic expression of control caddre/ed as:

(M/WB'OPcode = ALUsource) AND (ID/ERPcode = SW)
AND (M/WBRd = ID/EXRA)  ...voveeiiiieeieeiiieeee e enn(2)

Using the result of Step 3, we can modify the initiataghath obtained earlier in Step 2.
Typically, in this Step 4, we add multiplexers into theéagath together with the distributed
control signals designed in Step 3. This creates theateal block diagram of the pipelined
datapath with its complete control.



5. DEVELOPING A MULTITHREAD ENVIRONMENT

Looking at the result of hazard analysis summarizé€igare 1, we can reveal an interesting
phenomenon, which would lead to the nature of developtagdevel multithreaded
environment on the basis of the original one-level pipeliiés phenomenon can be described
by the following statements:

All hazard types 1, 3, and 5 become hazard types 2, 4, awpéctively, if we

artificially insert an irrelevant instruction betweeach pair of their instructions.

Each of the hazard types 7 and 8 has one stall already.

Only the hazard types 9 needs two stalls in order to makef tise read-after-write

mechanism of the general-purpose register set.
These statements support the construction of a two+lewitthreaded environment in which
two independent instruction streams can run in paralléhempipeline, thus avoiding the
performance lose in the cases 7, 8, and 9, while stilting all the forwarding paths for
resolving the data hazards for cases 2, 4, and 6. Fo® @dsee, it would be even better to run
three independent threads in parallel. In the extrease,@s many as four independent threads
could be running in parallel on the pipeline, thereforehalltazards described in Figure 1 will
be avoided by fully utilizing the read-after-write mechangafithe general-purpose register set.

It should be noted that the above-stated argumemtspgdy to a 5-stage pipeline. For other

instruction pipelines, similar arguments can be derivagdan the corresponding hazard
analysis. In general, the minimum size of multithreadironment depends on the number of
cycles interlocked by the related hazard. And, the prumiize of the multithreaded
environment is determined by the distance between stagedBtage WB of the pipeline, rather
than the existing forwarding paths.

CONCLUSION

In this paper, we described the basic steps of a destjrodology proposed for the analysis
and design of a typical instruction pipeline that servas t¢entral processing unit of a
contemporary high-performance processor. The proposesl sttrted from the specification of a
RISC processor with the major instruction types ofirtruction set, then were followed by



several interleaved steps of analysis and design dbdiieal structure of its pipelined datapath.
The major topics discussed in this analysis include tietstral hazard, the data hazard, and the
control hazard. The analysis resulted in the optmesdurce allocation, the additional forwarding
paths for resolution of various data hazards and cohazdrds as well as the logic circuit for
controlling the pipeline stall. Finally, we further ansdg the patterns of hazards in more detail.
Lastly, we developed a technique of running the pipeline in lathnaaded environment, thus
improved pipeline performance by avoiding the time of piaestall.
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Abstract 3. Analysis of data hazards and control hazards

4. Final pipelined datapath design

One of the major topics in high-performance 5. Simulation and/or implementation of the
computing is the analysis and design of pipelined operational model of the pipelined processor.
processor. This study covers three inter-related areas: ~ 6. Testing of the model and possible backward
computer architecture, computer organization, and iteration for the improvement of the design.

implementation. In this paper, we present a series of

design and ana|ysis Steps, Constituting a design It should be noted that for the derivation of the
methodology for high-performance processor. Our basic design methodology we will concentrate our
experience shows that using this design methodologyattention on Steps 2 and 3, while Step 1 can be treated
significantly improved understanding of the principle as @ given specification and Steps 4 to 6 may create
of operation of computer pipelines. Moreover, the iterative application of our basic design
derivation of the design methodok)gy produces a methodology. Furthermore, Step 2 allows the potential
valuable concept of exploiting thread-level Of setting an environment to exploit multithreading for
parallelism inside the pipeline, which would allow @achieving higher performance of the design than the
additional instruction stream to be running in parallel original pipelined processor without multithreading.
with the original pipeline so as to improve the

effective throughput of the entire pipelined processor. 2. Instruction Set Design

1. Introduction Although the instruction set design is at the basic
level of instruction set architecture, we don't need to
In the content of computer architecture, a design a concrete instruction set. To describe the

pipelined processor works on the principle of design methodology, we just need to assume a most
exploiting instruction-level parallelism inside the Prevailing model of the current high-performance
pipe"ne and exp|0iting thread-level para”e“sm machine to be the target of hazard analysis and its
among multiple concurrently operating pipelines of a supporting datapath. For example, we may take the
Supersca|ar processor. In the design process, it i§implest register-register RISC machine architecture
crucial to understand and analyze the operation ofand its three-address instruction format as our target
instruction pipe"ne in its Comp“cated Space-time of StUdy. This choice would determine the qualitative
relationships of running an instruction stream over parameters rather than the quantitative ones. By
multiple stages of the pipeline, the extensive existencedualitative parameters, we mean the minimum fully-
of various types of data and control hazards amongfunctional set of instruction types, each having a
instructions, and the distributed control mechanism of distinctive  execution mode. By quantitative

handling variable latencies of operations. parameters, we mean word length, instruction length,
The design of an instruction pipeline consists of memory size, and the number of CPU registers, etc.

the following steps: For our limited purpose, we take the required basic
1. Instruction set design instruction types, such ad U, ALUimm Load/Store

2. Design of the structure and initial datapath of CompareandBranchinstructions plus &loOperation
the pipeline instruction. The execution procedures for these types



of instructions are shown in Table 1, wh&@means the pipeline. This conflict can be resolved by
destination registerRs means source registeRC employing disjoint memory modules. For the latter,
means program countemem means memorydisp the conflict of using general-purpose register set for
means displacement, an8xx means to setRd reading and writing data in two different stages can be
according to conditiox, wherexx can be >, <,, solved by using a two-phase clock signal on a common
= or . In the practice of the actual design, more general-purpose register set such that the clock signal
complex and advanced instruction types must beacts on its write port in the first phase and act&on

considered as well. read port in the second phase, hence implementing a
read-after-write protocol for the interleaved operand
Table 1. A small instruction set in terms of fetch process.
instruction types. However, in the reality of datapath design for
more complex instruction set used by a restricted
Instruction _ CISC register-memory architecture, it would allow
Type Execution Procedure only one of the source operands to be accessed from
memory. In such a complex case, we would have to
ALU Rd  (Rsl) op (Rs2) design a six-stage pipeline with the functional
ALUImm Rd  (Rsl) op imm decomposition in_ the following sequence: Instruction
fetch Instruction decode and Register operand
Load Rd  mem[(Rs)+disp] access ALU operation execution (including
Store mem[(Rs)+disp] _ (Rd) effective memory address generation)Data memory
access Second ALU operation execution for
Compare Sxx | Rd=1if (Rs1) xx (Rs2) = true register-memory instruction type Write back to the
else Rd=0 destination register.
Branch PC  (PC)+offset if branch taken,
else go on if branch untaken 4. Analysis of Data Hazards and Control
NoOperation Go on, no other action Hazards

Our experience shows that Step 3 contains the

3. Design of the Structure and Initial  most critical procedure in the design of an instruction
Datapath of the Pipeline pipeline. Careful analysis of data hazards and control
hazards plays an important role in the design and

This step is the consideration and design of theimplementation of the control mechanism for
functional decomposition of the datapath as well as theachieving a fully operational pipeline datapath with
mapping of the functional steps into the corresponding optimized performance.
stages of the pipeline. In case there is the confliet There exist many cases in which an instruction
of resources between two or more stages, the resulted€eds to fetch a data item before it can be produced by
structural hazard must be resolved. At this point, we & previously-executed instruction, thus causing a data
assume that all Stages of the pipe”ne work hazard. It mlght be natural to think that any data
independenﬂy of one another using non-sharab|ehazard can be solved by stalling the pipeline whenever
hardware, temporarily ignoring the possible existenceit is necessary. However simply stalling a pipeline ca
of data hazard and control hazard among stages. cause too large a sacrifice of the pipeline performance

A ﬁve-stage pipe“ne is chosen as our examp|e_ to be an acceptable solution. To avoid the loss of
The execution process of an instruction can be divideduseful clock cycles, we should find the source of the
into five separate stages, i.e., instruction fetch, (IF data as early as possible when the data is just
operand fetch/instruction decode (ID), operation generated by a functional device, then we can
execution (EX)’ memory read/write (M)] as well as immediately forward it from the OUtpUt of that device
result write back (WB). In this step of the design, the to the destination of the data via a specially designed
obvious issue is how to resolve the structural hazardsforwarding path. However, there are two difficulties in
caused by the conflict of using (1) memory and (2) this type of hazard analysis: (1) we need to make an
genera|-purpose register set. For the former, both th@XhaUStiVG search of all possible instruction pairs in
instruction fetch and the operand fetch need to useorder to find all possibly existing data hazards or
memory at the same time, but at two different stafjes o control hazards and then design the corresponding



forwarding paths as the remedies, (2) we need totypical cases of hazards that require separate
derive the logical expressions for the control oflafl t forwarding paths or stall mechanisms for their
forwarding paths and pipeline stalls for acting on the resolutions. At the same time, we will show how the
correct device at the correct pipeline stages. Tohazard analysis is used to help in deriving the simplest
overcome these difficulties, we introduce a graphical logic expressions for their corresponding control in
method that makes the hazards to be easily revealedthe datapath.

This method is simple to use for defining the hazard As the basic requirement of hazard analysis, we
types as well as deriving the logic expressions for thecan draw the graphs of analysis for all nine cases of
hazard control. hazards as shown in Figure 1.

As the example in the following discussion, the Based on these graphs, we can derive all the logic
seven instruction types defined in Table 1 will be used expressions of control. We introduce the general rule
for the analysis and design of the aforementioned 5-for our analysis as:
stage pipeline. We will show a complete set of nine

ALU source Flelc [IF[] D Ex%ﬁﬂ B| forwarding ALUout via
ALU dest R IF[[ D[TEX[[ M| |wB]| EX/M to ALUin

ALUsource Rd [ IF[| ID][EX]Jml\WB| forwarding ALUout via
" an jifrelevant irFsttrlj tior M/WB to ALUin
ALUdest Rs [ E[] DITEX | M [|ws]|

ALU source Fleld [ IF]] ]| ex|}mtfwB]| forwarding ALUout via
B M/WB to MEMin
SWdata Rd HIIBIEZIE i

ALU source Rd I ”:I D |EX M \WBl forwarding ALUout via

I an jreldvant [ihgtr{iftio] M/WB and EX/M
SWdata Rd [ F[] D v [ Jwe] to MEMin

Lw Rﬁ [E]T o] TeX]T m [{we] forwarding MEMout via
SWdata Rd HIEIER [wB| M/WB to MEMin

LW Rd [IF[] D[TEX]T M]§wB] forwardinguEMout via
1] an fifreleMant fidstriigtio] M/WB and EX/M
Swdata Rd [F]] D M | wB| to MEMin
Lw Rﬁi [ ] [n[TEX] M \wB stall so as to forward
ALUdest  Rs IF] [stal[ [ 1D [TEX] [ M [ [WB] MEMout via

M/WB to ALUin
ALusource Rd | IF|[ ID] | EXN,mM | WB stall so as to forward
Il IF| Ftall Ex | ™ [JwB] ALUout via

EX/M to Zero detector

Branch Rs

LW Rd IF|| | | x| | M [[wB stall so as to use
Branch ks [FL|sal a8 [JEXTT M [ [W8 MEMout via
the rea-after write mechanism

Figure 1. Analysis of nine types of data hazards and control hazards

Each expression must inter-relate the correspondingdevice are active in the same cycle. In other wdtds,

set of signals that are active in the same clockecycl source of the data must be latched in an interstage
This means that the starting point of each forwarding register so that its output signal can be active and
path must originate from an interstage register with its synchronous with the input signal of the destination

output signal connected to the destination device indevice during the same clock period.

the same pipeline stage so that the output of the By using this rule, we introduce a clear concept of

interstage register and the input of the functional distributed control in the sense that the controlbahe



stage uses only its own local signals, independent fromin the EX stage. So the logic expression for control of
other stages of the pipeline. This distributed control the multiplexer relative to Case 1 can be derived as:
implements the independent and concurrent parallel
operations at all stages of the pipeline. (EX/IM-OPcode = ALUsource) AND (ID/E®Pcode
To give a more detailed discussion, we will show = ALUdest) AND (EX/MRd = ID/EXRS) ...... ()
the analysis of two cases selected from Figure 1. For
the convenience of generalizing the result of hazardNote: (1) Since ALUimm does not use lower input
analysis, we classify the OPcodes of the instructionsmultiplexer of the ALU, the logic expression for the
into the following groups using the corresponding ALUdest group should be modified by removing
notations: ALUimm from it. (2) The OPcode of NoOperation
should be excluded from the expression if it may cause
- ALUsource Group of ALU, ALUimm, and Sxx any side effect.
instructions which produce and store the result of
ALU operation in the destination register Rd as the Example 2 Case 4 in Figure 1
source data to be consumed by the corresponding This case occurs between ALUsource and
destination instructions. In the example of SWadata. It differs from case 1 in two ways: (1) there i
forwarding, this data is actually at the output of the an irrelevant instruction between the two related
ALU being latched in the interstage register EX/M instructions to make the distance equal to 2, and (2)
and is to be used for forwarding. the second instruction is a store instruction which
needs to have its source data in Rd forwarded from the
- ALUdest Group of ALU, ALUImm, Sxx, first instruction to be stored in memory. Although we
LW/SWaddr instructions consuming data accessedcan latch the data in the interstage register M/WB via
from at least one of its source registers Rs. Theythe interstage register EX/M, we do find in the graph
include ALU (Rs1 or Rs2), ALUimm (only one Rs), that it is still too far to forward the data from thdo
Sxx (Rs1 or Rs2), LW/SWaddr (load/store with only the data input of memory. Thus the only way to avoid
one source register Rs used as the address register)a pipeline stall is to forward the data from interstage
register M/WB to the EX stage, and from there
. SWaddrvs. SWdata through a multiplexer latch the data into the interstage
0 SWaddr is used to denote the store instruction register EX/M, and finally reach the write port of the
which consumes data from its source register Rs.data memory. Thus the forwarding path needs to go
It is used as the address register for writing the through a multiplexer in the EX stage and the
existing data in Rd into memory. interstage register EX/M so as to finally reach thada
0 SWdata is used to denote the store instructioninput of data memory. The logic expression of control
which consumes data by writing the contents of can be derived as:
its register Rd into memory. That means both Rs
and Rd are source registers, but Rs is used agM/WB'OPcode = ALUsource) AND (ID/ERPcode
address register, while Rd is used as data register.= SW) AND (M/WBRd = ID/EXRd) ........... (2)

- Branch The branch instruction which consumes Using the result of Step 3, we can modify the
data from its source register as a condition of initial datapath obtained earlier in Step 2. Typically,
determining the outcome as “branch taken” or in this Step 4, we add multiplexers into the datapath
“pranch untaken”. The condition is used by a zero together with the distributed control signals designed
detector in its ID stage. Therefore, all the in Step 3. This creates the operational block diagram
forwarding paths going to a branch instruction are of the pipelined datapath with its complete control.
destined to there.

5. Developing a Multithread Environment

Example 1 Case 1 in Figure 1

This case occurs between ALUsource and Looking at the result of hazard analysis

ALUdest. It includes two forwarding paths from the summarized in Figure 1, we can reveal an interesting

ALUoutput that was latched in the interstage register phenomenon, which would lead to the nature of

EX/M and then forwarded to the upper input developing a two-level multithreaded environment on

multiplexer or the lower input multiplexer of the ALU the basis of the original one-level pipeline. This



phenomenon can be described by the following 6. Conclusion
statements:

In this paper, we described the basic steps of a

- All hazard types 1, 3, and 5 become hazard types 2design methodology proposed for the analysis and
4, and 6 respectively, if we artificially insert an design of a typical instruction pipeline that serves the
irrelevant instruction between each pair of their central processing unit of a contemporary high-

instructions. performance processor. The proposed steps started
- Each of the hazard types 7 and 8 has one stallfrom the specification of a RISC processor with the
already. major instruction types of an instruction set. They

- Only the hazard types 9 needs two stalls in order towere followed by several interleaved steps of analysis
make use of the read-after-write mechanism of theand design of the logical structure of its pipelined
general-purpose register set. datapath. The major topics discussed in this analysis

include the structural hazard, the data hazard, and the
These statements support the construction of acontrol hazard. The analysis resulted in the optimal
two-level multithreaded environment in which two resource allocation, the additional forwarding paths
independent instruction streams can run in parallel onfor resolution of various data hazards and control
the pipeline, thus avoiding the performance lose in thehazards as well as the logic circuit for controlling th
cases 7, 8, and 9, while still utilizing all the pipeline stall. Finally, we further analyzed the pattern

forwarding paths for resolving the data hazards for of hazards in more detail. Lastly, we developed a

cases 2, 4, and 6. For case 9 alone, it would be evetechnique of running the pipeline in a multithreaded

better to run three independent threads in parallel. Inenvironment, thus improved pipeline performance by
the extreme case, as many as four independent threadsvoiding the time of pipeline stall.
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One of the major topics in high-performance 5. Simulation and/or implementation of the
computing is the analysis and design of pipelined operational model of the pipelined processor.
processor. This study covers three inter-related areas: ~ 6. Testing of the model and possible backward
computer architecture, computer organization, and iteration for the improvement of the design.

implementation. In this paper, we present a series of

design and ana|ysis Steps, Constituting a design It should be noted that for the derivation of the
methodology for high-performance processor. Our basic design methodology we will concentrate our
experience shows that using this design methodologyattention on Steps 2 and 3, while Step 1 can be treated
significantly improved understanding of the principle as @ given specification and Steps 4 to 6 may create
of operation of computer pipelines. Moreover, the iterative application of our basic design
derivation of the design methodok)gy produces a methodology. Furthermore, Step 2 allows the potential
valuable concept of exploiting thread-level Of setting an environment to exploit multithreading for
parallelism inside the pipeline, which would allow @achieving higher performance of the design than the
additional instruction stream to be running in parallel original pipelined processor without multithreading.
with the original pipeline so as to improve the

effective throughput of the entire pipelined processor. 2. Instruction Set Design

1. Introduction Although the instruction set design is at the basic
level of instruction set architecture, we don't need to
In the content of computer architecture, a design a concrete instruction set. To describe the

pipelined processor works on the principle of design methodology, we just need to assume a most
exploiting instruction-level parallelism inside the Prevailing model of the current high-performance
pipe"ne and exp|0iting thread-level para”e“sm machine to be the target of hazard analysis and its
among multiple concurrently operating pipelines of a supporting datapath. For example, we may take the
Supersca|ar processor. In the design process, it i§implest register-register RISC machine architecture
crucial to understand and analyze the operation ofand its three-address instruction format as our target
instruction pipe"ne in its Comp“cated Space-time of StUdy. This choice would determine the qualitative
relationships of running an instruction stream over parameters rather than the quantitative ones. By
multiple stages of the pipeline, the extensive existencedualitative parameters, we mean the minimum fully-
of various types of data and control hazards amongfunctional set of instruction types, each having a
instructions, and the distributed control mechanism of distinctive  execution mode. By quantitative

handling variable latencies of operations. parameters, we mean word length, instruction length,
The design of an instruction pipeline consists of memory size, and the number of CPU registers, etc.

the following steps: For our limited purpose, we take the required basic
1. Instruction set design instruction types, such ad U, ALUimm Load/Store

2. Design of the structure and initial datapath of CompareandBranchinstructions plus &loOperation
the pipeline instruction. The execution procedures for these types



of instructions are shown in Table 1, wh&@means the pipeline. This conflict can be resolved by
destination registerRs means source registeRC employing disjoint memory modules. For the latter,
means program countemem means memorydisp the conflict of using general-purpose register set for
means displacement, an8xx means to setRd reading and writing data in two different stages can be
according to conditiox, wherexx can be >, <,, solved by using a two-phase clock signal on a common
= or . In the practice of the actual design, more general-purpose register set such that the clock signal
complex and advanced instruction types must beacts on its write port in the first phase and act&on

considered as well. read port in the second phase, hence implementing a
read-after-write protocol for the interleaved operand
Table 1. A small instruction set in terms of fetch process.
instruction types. However, in the reality of datapath design for
more complex instruction set used by a restricted
Instruction _ CISC register-memory architecture, it would allow
Type Execution Procedure only one of the source operands to be accessed from
memory. In such a complex case, we would have to
ALU Rd  (Rsl) op (Rs2) design a six-stage pipeline with the functional
ALUImm Rd  (Rsl) op imm decomposition in_ the following sequence: Instruction
fetch Instruction decode and Register operand
Load Rd  mem[(Rs)+disp] access ALU operation execution (including
Store mem[(Rs)+disp] _ (Rd) effective memory address generation)Data memory
access Second ALU operation execution for
Compare Sxx | Rd=1if (Rs1) xx (Rs2) = true register-memory instruction type Write back to the
else Rd=0 destination register.
Branch PC  (PC)+offset if branch taken,
else go on if branch untaken 4. Analysis of Data Hazards and Control
NoOperation Go on, no other action Hazards

Our experience shows that Step 3 contains the

3. Design of the Structure and Initial  most critical procedure in the design of an instruction
Datapath of the Pipeline pipeline. Careful analysis of data hazards and control
hazards plays an important role in the design and

This step is the consideration and design of theimplementation of the control mechanism for
functional decomposition of the datapath as well as theachieving a fully operational pipeline datapath with
mapping of the functional steps into the corresponding optimized performance.
stages of the pipeline. In case there is the confliet There exist many cases in which an instruction
of resources between two or more stages, the resulted€eds to fetch a data item before it can be produced by
structural hazard must be resolved. At this point, we & previously-executed instruction, thus causing a data
assume that all Stages of the pipe”ne work hazard. It mlght be natural to think that any data
independenﬂy of one another using non-sharab|ehazard can be solved by stalling the pipeline whenever
hardware, temporarily ignoring the possible existenceit is necessary. However simply stalling a pipeline ca
of data hazard and control hazard among stages. cause too large a sacrifice of the pipeline performance

A ﬁve-stage pipe“ne is chosen as our examp|e_ to be an acceptable solution. To avoid the loss of
The execution process of an instruction can be divideduseful clock cycles, we should find the source of the
into five separate stages, i.e., instruction fetch, (IF data as early as possible when the data is just
operand fetch/instruction decode (ID), operation generated by a functional device, then we can
execution (EX)’ memory read/write (M)] as well as immediately forward it from the OUtpUt of that device
result write back (WB). In this step of the design, the to the destination of the data via a specially designed
obvious issue is how to resolve the structural hazardsforwarding path. However, there are two difficulties in
caused by the conflict of using (1) memory and (2) this type of hazard analysis: (1) we need to make an
genera|-purpose register set. For the former, both th@XhaUStiVG search of all possible instruction pairs in
instruction fetch and the operand fetch need to useorder to find all possibly existing data hazards or
memory at the same time, but at two different stafjes o control hazards and then design the corresponding



forwarding paths as the remedies, (2) we need totypical cases of hazards that require separate
derive the logical expressions for the control oflafl t forwarding paths or stall mechanisms for their
forwarding paths and pipeline stalls for acting on the resolutions. At the same time, we will show how the
correct device at the correct pipeline stages. Tohazard analysis is used to help in deriving the simplest
overcome these difficulties, we introduce a graphical logic expressions for their corresponding control in
method that makes the hazards to be easily revealedthe datapath.

This method is simple to use for defining the hazard As the basic requirement of hazard analysis, we
types as well as deriving the logic expressions for thecan draw the graphs of analysis for all nine cases of
hazard control. hazards as shown in Figure 1.

As the example in the following discussion, the Based on these graphs, we can derive all the logic
seven instruction types defined in Table 1 will be used expressions of control. We introduce the general rule
for the analysis and design of the aforementioned 5-for our analysis as:
stage pipeline. We will show a complete set of nine

ALU source Flelc [IF[] D Ex%ﬁﬂ B| forwarding ALUout via
ALU dest R IF[[ D[TEX[[ M| |wB]| EX/M to ALUin

ALUsource Rd [ IF[| ID][EX]Jml\WB| forwarding ALUout via
" an jifrelevant irFsttrlj tior M/WB to ALUin
ALUdest Rs [ E[] DITEX | M [|ws]|

ALU source Fleld [ IF]] ]| ex|}mtfwB]| forwarding ALUout via
B M/WB to MEMin
SWdata Rd HIIBIEZIE i

ALU source Rd I ”:I D |EX M \WBl forwarding ALUout via

I an jreldvant [ihgtr{iftio] M/WB and EX/M
SWdata Rd [ F[] D v [ Jwe] to MEMin

Lw Rﬁ [E]T o] TeX]T m [{we] forwarding MEMout via
SWdata Rd HIEIER [wB| M/WB to MEMin

LW Rd [IF[] D[TEX]T M]§wB] forwardinguEMout via
1] an fifreleMant fidstriigtio] M/WB and EX/M
Swdata Rd [F]] D M | wB| to MEMin
Lw Rﬁi [ ] [n[TEX] M \wB stall so as to forward
ALUdest  Rs IF] [stal[ [ 1D [TEX] [ M [ [WB] MEMout via

M/WB to ALUin
ALusource Rd | IF|[ ID] | EXN,mM | WB stall so as to forward
Il IF| Ftall Ex | ™ [JwB] ALUout via

EX/M to Zero detector

Branch Rs

LW Rd IF|| | | x| | M [[wB stall so as to use
Branch ks [FL|sal a8 [JEXTT M [ [W8 MEMout via
the rea-after write mechanism

Figure 1. Analysis of nine types of data hazards and control hazards

Each expression must inter-relate the correspondingdevice are active in the same cycle. In other wdtds,

set of signals that are active in the same clockecycl source of the data must be latched in an interstage
This means that the starting point of each forwarding register so that its output signal can be active and
path must originate from an interstage register with its synchronous with the input signal of the destination

output signal connected to the destination device indevice during the same clock period.

the same pipeline stage so that the output of the By using this rule, we introduce a clear concept of

interstage register and the input of the functional distributed control in the sense that the controlbahe



stage uses only its own local signals, independent fromin the EX stage. So the logic expression for control of
other stages of the pipeline. This distributed control the multiplexer relative to Case 1 can be derived as:
implements the independent and concurrent parallel
operations at all stages of the pipeline. (EX/IM-OPcode = ALUsource) AND (ID/E®Pcode
To give a more detailed discussion, we will show = ALUdest) AND (EX/MRd = ID/EXRS) ...... ()
the analysis of two cases selected from Figure 1. For
the convenience of generalizing the result of hazardNote: (1) Since ALUimm does not use lower input
analysis, we classify the OPcodes of the instructionsmultiplexer of the ALU, the logic expression for the
into the following groups using the corresponding ALUdest group should be modified by removing
notations: ALUimm from it. (2) The OPcode of NoOperation
should be excluded from the expression if it may cause
- ALUsource Group of ALU, ALUimm, and Sxx any side effect.
instructions which produce and store the result of
ALU operation in the destination register Rd as the Example 2 Case 4 in Figure 1
source data to be consumed by the corresponding This case occurs between ALUsource and
destination instructions. In the example of SWadata. It differs from case 1 in two ways: (1) there i
forwarding, this data is actually at the output of the an irrelevant instruction between the two related
ALU being latched in the interstage register EX/M instructions to make the distance equal to 2, and (2)
and is to be used for forwarding. the second instruction is a store instruction which
needs to have its source data in Rd forwarded from the
- ALUdest Group of ALU, ALUImm, Sxx, first instruction to be stored in memory. Although we
LW/SWaddr instructions consuming data accessedcan latch the data in the interstage register M/WB via
from at least one of its source registers Rs. Theythe interstage register EX/M, we do find in the graph
include ALU (Rs1 or Rs2), ALUimm (only one Rs), that it is still too far to forward the data from thdo
Sxx (Rs1 or Rs2), LW/SWaddr (load/store with only the data input of memory. Thus the only way to avoid
one source register Rs used as the address register)a pipeline stall is to forward the data from interstage
register M/WB to the EX stage, and from there
. SWaddrvs. SWdata through a multiplexer latch the data into the interstage
0 SWaddr is used to denote the store instruction register EX/M, and finally reach the write port of the
which consumes data from its source register Rs.data memory. Thus the forwarding path needs to go
It is used as the address register for writing the through a multiplexer in the EX stage and the
existing data in Rd into memory. interstage register EX/M so as to finally reach thada
0 SWdata is used to denote the store instructioninput of data memory. The logic expression of control
which consumes data by writing the contents of can be derived as:
its register Rd into memory. That means both Rs
and Rd are source registers, but Rs is used agM/WB'OPcode = ALUsource) AND (ID/ERPcode
address register, while Rd is used as data register.= SW) AND (M/WBRd = ID/EXRd) ........... (2)

- Branch The branch instruction which consumes Using the result of Step 3, we can modify the
data from its source register as a condition of initial datapath obtained earlier in Step 2. Typically,
determining the outcome as “branch taken” or in this Step 4, we add multiplexers into the datapath
“pranch untaken”. The condition is used by a zero together with the distributed control signals designed
detector in its ID stage. Therefore, all the in Step 3. This creates the operational block diagram
forwarding paths going to a branch instruction are of the pipelined datapath with its complete control.
destined to there.

5. Developing a Multithread Environment

Example 1 Case 1 in Figure 1

This case occurs between ALUsource and Looking at the result of hazard analysis

ALUdest. It includes two forwarding paths from the summarized in Figure 1, we can reveal an interesting

ALUoutput that was latched in the interstage register phenomenon, which would lead to the nature of

EX/M and then forwarded to the upper input developing a two-level multithreaded environment on

multiplexer or the lower input multiplexer of the ALU the basis of the original one-level pipeline. This



phenomenon can be described by the following 6. Conclusion
statements:

In this paper, we described the basic steps of a

- All hazard types 1, 3, and 5 become hazard types 2design methodology proposed for the analysis and
4, and 6 respectively, if we artificially insert an design of a typical instruction pipeline that serves the
irrelevant instruction between each pair of their central processing unit of a contemporary high-

instructions. performance processor. The proposed steps started
- Each of the hazard types 7 and 8 has one stallfrom the specification of a RISC processor with the
already. major instruction types of an instruction set. They

- Only the hazard types 9 needs two stalls in order towere followed by several interleaved steps of analysis
make use of the read-after-write mechanism of theand design of the logical structure of its pipelined
general-purpose register set. datapath. The major topics discussed in this analysis

include the structural hazard, the data hazard, and the
These statements support the construction of acontrol hazard. The analysis resulted in the optimal
two-level multithreaded environment in which two resource allocation, the additional forwarding paths
independent instruction streams can run in parallel onfor resolution of various data hazards and control
the pipeline, thus avoiding the performance lose in thehazards as well as the logic circuit for controlling th
cases 7, 8, and 9, while still utilizing all the pipeline stall. Finally, we further analyzed the pattern

forwarding paths for resolving the data hazards for of hazards in more detail. Lastly, we developed a

cases 2, 4, and 6. For case 9 alone, it would be evetechnique of running the pipeline in a multithreaded

better to run three independent threads in parallel. Inenvironment, thus improved pipeline performance by
the extreme case, as many as four independent threadsvoiding the time of pipeline stall.
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One of the major topics in high-performance 5. Simulation and/or implementation of the
computing is the analysis and design of pipelined operational model of the pipelined processor.
processor. This study covers three inter-related areas: ~ 6. Testing of the model and possible backward
computer architecture, computer organization, and iteration for the improvement of the design.

implementation. In this paper, we present a series of

design and ana|ysis Steps, Constituting a design It should be noted that for the derivation of the
methodology for high-performance processor. Our basic design methodology we will concentrate our
experience shows that using this design methodologyattention on Steps 2 and 3, while Step 1 can be treated
significantly improved understanding of the principle as @ given specification and Steps 4 to 6 may create
of operation of computer pipelines. Moreover, the iterative application of our basic design
derivation of the design methodok)gy produces a methodology. Furthermore, Step 2 allows the potential
valuable concept of exploiting thread-level Of setting an environment to exploit multithreading for
parallelism inside the pipeline, which would allow @achieving higher performance of the design than the
additional instruction stream to be running in parallel original pipelined processor without multithreading.
with the original pipeline so as to improve the

effective throughput of the entire pipelined processor. 2. Instruction Set Design

1. Introduction Although the instruction set design is at the basic
level of instruction set architecture, we don't need to
In the content of computer architecture, a design a concrete instruction set. To describe the

pipelined processor works on the principle of design methodology, we just need to assume a most
exploiting instruction-level parallelism inside the Prevailing model of the current high-performance
pipe"ne and exp|0iting thread-level para”e“sm machine to be the target of hazard analysis and its
among multiple concurrently operating pipelines of a supporting datapath. For example, we may take the
Supersca|ar processor. In the design process, it i§implest register-register RISC machine architecture
crucial to understand and analyze the operation ofand its three-address instruction format as our target
instruction pipe"ne in its Comp“cated Space-time of StUdy. This choice would determine the qualitative
relationships of running an instruction stream over parameters rather than the quantitative ones. By
multiple stages of the pipeline, the extensive existencedualitative parameters, we mean the minimum fully-
of various types of data and control hazards amongfunctional set of instruction types, each having a
instructions, and the distributed control mechanism of distinctive  execution mode. By quantitative

handling variable latencies of operations. parameters, we mean word length, instruction length,
The design of an instruction pipeline consists of memory size, and the number of CPU registers, etc.

the following steps: For our limited purpose, we take the required basic
1. Instruction set design instruction types, such ad U, ALUimm Load/Store

2. Design of the structure and initial datapath of CompareandBranchinstructions plus &loOperation
the pipeline instruction. The execution procedures for these types



of instructions are shown in Table 1, wh&@means the pipeline. This conflict can be resolved by
destination registerRs means source registeRC employing disjoint memory modules. For the latter,
means program countemem means memorydisp the conflict of using general-purpose register set for
means displacement, an8xx means to setRd reading and writing data in two different stages can be
according to conditiox, wherexx can be >, <,, solved by using a two-phase clock signal on a common
= or . In the practice of the actual design, more general-purpose register set such that the clock signal
complex and advanced instruction types must beacts on its write port in the first phase and act&on

considered as well. read port in the second phase, hence implementing a
read-after-write protocol for the interleaved operand
Table 1. A small instruction set in terms of fetch process.
instruction types. However, in the reality of datapath design for
more complex instruction set used by a restricted
Instruction _ CISC register-memory architecture, it would allow
Type Execution Procedure only one of the source operands to be accessed from
memory. In such a complex case, we would have to
ALU Rd  (Rsl) op (Rs2) design a six-stage pipeline with the functional
ALUImm Rd  (Rsl) op imm decomposition in_ the following sequence: Instruction
fetch Instruction decode and Register operand
Load Rd  mem[(Rs)+disp] access ALU operation execution (including
Store mem[(Rs)+disp] _ (Rd) effective memory address generation)Data memory
access Second ALU operation execution for
Compare Sxx | Rd=1if (Rs1) xx (Rs2) = true register-memory instruction type Write back to the
else Rd=0 destination register.
Branch PC  (PC)+offset if branch taken,
else go on if branch untaken 4. Analysis of Data Hazards and Control
NoOperation Go on, no other action Hazards

Our experience shows that Step 3 contains the

3. Design of the Structure and Initial  most critical procedure in the design of an instruction
Datapath of the Pipeline pipeline. Careful analysis of data hazards and control
hazards plays an important role in the design and

This step is the consideration and design of theimplementation of the control mechanism for
functional decomposition of the datapath as well as theachieving a fully operational pipeline datapath with
mapping of the functional steps into the corresponding optimized performance.
stages of the pipeline. In case there is the confliet There exist many cases in which an instruction
of resources between two or more stages, the resulted€eds to fetch a data item before it can be produced by
structural hazard must be resolved. At this point, we & previously-executed instruction, thus causing a data
assume that all Stages of the pipe”ne work hazard. It mlght be natural to think that any data
independenﬂy of one another using non-sharab|ehazard can be solved by stalling the pipeline whenever
hardware, temporarily ignoring the possible existenceit is necessary. However simply stalling a pipeline ca
of data hazard and control hazard among stages. cause too large a sacrifice of the pipeline performance

A ﬁve-stage pipe“ne is chosen as our examp|e_ to be an acceptable solution. To avoid the loss of
The execution process of an instruction can be divideduseful clock cycles, we should find the source of the
into five separate stages, i.e., instruction fetch, (IF data as early as possible when the data is just
operand fetch/instruction decode (ID), operation generated by a functional device, then we can
execution (EX)’ memory read/write (M)] as well as immediately forward it from the OUtpUt of that device
result write back (WB). In this step of the design, the to the destination of the data via a specially designed
obvious issue is how to resolve the structural hazardsforwarding path. However, there are two difficulties in
caused by the conflict of using (1) memory and (2) this type of hazard analysis: (1) we need to make an
genera|-purpose register set. For the former, both th@XhaUStiVG search of all possible instruction pairs in
instruction fetch and the operand fetch need to useorder to find all possibly existing data hazards or
memory at the same time, but at two different stafjes o control hazards and then design the corresponding



forwarding paths as the remedies, (2) we need totypical cases of hazards that require separate
derive the logical expressions for the control oflafl t forwarding paths or stall mechanisms for their
forwarding paths and pipeline stalls for acting on the resolutions. At the same time, we will show how the
correct device at the correct pipeline stages. Tohazard analysis is used to help in deriving the simplest
overcome these difficulties, we introduce a graphical logic expressions for their corresponding control in
method that makes the hazards to be easily revealedthe datapath.

This method is simple to use for defining the hazard As the basic requirement of hazard analysis, we
types as well as deriving the logic expressions for thecan draw the graphs of analysis for all nine cases of
hazard control. hazards as shown in Figure 1.

As the example in the following discussion, the Based on these graphs, we can derive all the logic
seven instruction types defined in Table 1 will be used expressions of control. We introduce the general rule
for the analysis and design of the aforementioned 5-for our analysis as:
stage pipeline. We will show a complete set of nine

ALU source Flelc [IF[] D Ex%ﬁﬂ B| forwarding ALUout via
ALU dest R IF[[ D[TEX[[ M| |wB]| EX/M to ALUin

ALUsource Rd [ IF[| ID][EX]Jml\WB| forwarding ALUout via
" an jifrelevant irFsttrlj tior M/WB to ALUin
ALUdest Rs [ E[] DITEX | M [|ws]|

ALU source Fleld [ IF]] ]| ex|}mtfwB]| forwarding ALUout via
B M/WB to MEMin
SWdata Rd HIIBIEZIE i

ALU source Rd I ”:I D |EX M \WBl forwarding ALUout via

I an jreldvant [ihgtr{iftio] M/WB and EX/M
SWdata Rd [ F[] D v [ Jwe] to MEMin

Lw Rﬁ [E]T o] TeX]T m [{we] forwarding MEMout via
SWdata Rd HIEIER [wB| M/WB to MEMin

LW Rd [IF[] D[TEX]T M]§wB] forwardinguEMout via
1] an fifreleMant fidstriigtio] M/WB and EX/M
Swdata Rd [F]] D M | wB| to MEMin
Lw Rﬁi [ ] [n[TEX] M \wB stall so as to forward
ALUdest  Rs IF] [stal[ [ 1D [TEX] [ M [ [WB] MEMout via

M/WB to ALUin
ALusource Rd | IF|[ ID] | EXN,mM | WB stall so as to forward
Il IF| Ftall Ex | ™ [JwB] ALUout via

EX/M to Zero detector

Branch Rs

LW Rd IF|| | | x| | M [[wB stall so as to use
Branch ks [FL|sal a8 [JEXTT M [ [W8 MEMout via
the rea-after write mechanism

Figure 1. Analysis of nine types of data hazards and control hazards

Each expression must inter-relate the correspondingdevice are active in the same cycle. In other wdtds,

set of signals that are active in the same clockecycl source of the data must be latched in an interstage
This means that the starting point of each forwarding register so that its output signal can be active and
path must originate from an interstage register with its synchronous with the input signal of the destination

output signal connected to the destination device indevice during the same clock period.

the same pipeline stage so that the output of the By using this rule, we introduce a clear concept of

interstage register and the input of the functional distributed control in the sense that the controlbahe



stage uses only its own local signals, independent fromin the EX stage. So the logic expression for control of
other stages of the pipeline. This distributed control the multiplexer relative to Case 1 can be derived as:
implements the independent and concurrent parallel
operations at all stages of the pipeline. (EX/IM-OPcode = ALUsource) AND (ID/E®Pcode
To give a more detailed discussion, we will show = ALUdest) AND (EX/MRd = ID/EXRS) ...... ()
the analysis of two cases selected from Figure 1. For
the convenience of generalizing the result of hazardNote: (1) Since ALUimm does not use lower input
analysis, we classify the OPcodes of the instructionsmultiplexer of the ALU, the logic expression for the
into the following groups using the corresponding ALUdest group should be modified by removing
notations: ALUimm from it. (2) The OPcode of NoOperation
should be excluded from the expression if it may cause
- ALUsource Group of ALU, ALUimm, and Sxx any side effect.
instructions which produce and store the result of
ALU operation in the destination register Rd as the Example 2 Case 4 in Figure 1
source data to be consumed by the corresponding This case occurs between ALUsource and
destination instructions. In the example of SWadata. It differs from case 1 in two ways: (1) there i
forwarding, this data is actually at the output of the an irrelevant instruction between the two related
ALU being latched in the interstage register EX/M instructions to make the distance equal to 2, and (2)
and is to be used for forwarding. the second instruction is a store instruction which
needs to have its source data in Rd forwarded from the
- ALUdest Group of ALU, ALUImm, Sxx, first instruction to be stored in memory. Although we
LW/SWaddr instructions consuming data accessedcan latch the data in the interstage register M/WB via
from at least one of its source registers Rs. Theythe interstage register EX/M, we do find in the graph
include ALU (Rs1 or Rs2), ALUimm (only one Rs), that it is still too far to forward the data from thdo
Sxx (Rs1 or Rs2), LW/SWaddr (load/store with only the data input of memory. Thus the only way to avoid
one source register Rs used as the address register)a pipeline stall is to forward the data from interstage
register M/WB to the EX stage, and from there
. SWaddrvs. SWdata through a multiplexer latch the data into the interstage
0 SWaddr is used to denote the store instruction register EX/M, and finally reach the write port of the
which consumes data from its source register Rs.data memory. Thus the forwarding path needs to go
It is used as the address register for writing the through a multiplexer in the EX stage and the
existing data in Rd into memory. interstage register EX/M so as to finally reach thada
0 SWdata is used to denote the store instructioninput of data memory. The logic expression of control
which consumes data by writing the contents of can be derived as:
its register Rd into memory. That means both Rs
and Rd are source registers, but Rs is used agM/WB'OPcode = ALUsource) AND (ID/ERPcode
address register, while Rd is used as data register.= SW) AND (M/WBRd = ID/EXRd) ........... (2)

- Branch The branch instruction which consumes Using the result of Step 3, we can modify the
data from its source register as a condition of initial datapath obtained earlier in Step 2. Typically,
determining the outcome as “branch taken” or in this Step 4, we add multiplexers into the datapath
“pranch untaken”. The condition is used by a zero together with the distributed control signals designed
detector in its ID stage. Therefore, all the in Step 3. This creates the operational block diagram
forwarding paths going to a branch instruction are of the pipelined datapath with its complete control.
destined to there.

5. Developing a Multithread Environment

Example 1 Case 1 in Figure 1

This case occurs between ALUsource and Looking at the result of hazard analysis

ALUdest. It includes two forwarding paths from the summarized in Figure 1, we can reveal an interesting

ALUoutput that was latched in the interstage register phenomenon, which would lead to the nature of

EX/M and then forwarded to the upper input developing a two-level multithreaded environment on

multiplexer or the lower input multiplexer of the ALU the basis of the original one-level pipeline. This



phenomenon can be described by the following 6. Conclusion
statements:

In this paper, we described the basic steps of a

- All hazard types 1, 3, and 5 become hazard types 2design methodology proposed for the analysis and
4, and 6 respectively, if we artificially insert an design of a typical instruction pipeline that serves the
irrelevant instruction between each pair of their central processing unit of a contemporary high-

instructions. performance processor. The proposed steps started
- Each of the hazard types 7 and 8 has one stallfrom the specification of a RISC processor with the
already. major instruction types of an instruction set. They

- Only the hazard types 9 needs two stalls in order towere followed by several interleaved steps of analysis
make use of the read-after-write mechanism of theand design of the logical structure of its pipelined
general-purpose register set. datapath. The major topics discussed in this analysis

include the structural hazard, the data hazard, and the
These statements support the construction of acontrol hazard. The analysis resulted in the optimal
two-level multithreaded environment in which two resource allocation, the additional forwarding paths
independent instruction streams can run in parallel onfor resolution of various data hazards and control
the pipeline, thus avoiding the performance lose in thehazards as well as the logic circuit for controlling th
cases 7, 8, and 9, while still utilizing all the pipeline stall. Finally, we further analyzed the pattern

forwarding paths for resolving the data hazards for of hazards in more detail. Lastly, we developed a

cases 2, 4, and 6. For case 9 alone, it would be evetechnique of running the pipeline in a multithreaded

better to run three independent threads in parallel. Inenvironment, thus improved pipeline performance by
the extreme case, as many as four independent threadsvoiding the time of pipeline stall.

could be running in parallel on the pipeline, therefore

all the hazards described in Figure 1 will be avoided 7, References

by fully utilizing the read-after-write mechanism of

the general-purpose register set. [1] Hennessy, John L. and Patterson, David A., Computer

It should be noted that the above-stated argumentsarchitecture: A Quantitative Approach’dition, Morgan

can be applied to a 5-stage pipeline. For other Kaufmann Publishers, 2007.
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Abstract 3. Analysis of data hazards and control hazards

4. Final pipelined datapath design

One of the major topics in high-performance 5. Simulation and/or implementation of the
computing is the analysis and design of pipelined operational model of the pipelined processor.
processor. This study covers three inter-related areas: ~ 6. Testing of the model and possible backward
computer architecture, computer organization, and iteration for the improvement of the design.

implementation. In this paper, we present a series of

design and ana|ysis Steps, Constituting a design It should be noted that for the derivation of the
methodology for high-performance processor. Our basic design methodology we will concentrate our
experience shows that using this design methodologyattention on Steps 2 and 3, while Step 1 can be treated
significantly improved understanding of the principle as @ given specification and Steps 4 to 6 may create
of operation of computer pipelines. Moreover, the iterative application of our basic design
derivation of the design methodok)gy produces a methodology. Furthermore, Step 2 allows the potential
valuable concept of exploiting thread-level Of setting an environment to exploit multithreading for
parallelism inside the pipeline, which would allow @achieving higher performance of the design than the
additional instruction stream to be running in parallel original pipelined processor without multithreading.
with the original pipeline so as to improve the

effective throughput of the entire pipelined processor. 2. Instruction Set Design

1. Introduction Although the instruction set design is at the basic
level of instruction set architecture, we don't need to
In the content of computer architecture, a design a concrete instruction set. To describe the

pipelined processor works on the principle of design methodology, we just need to assume a most
exploiting instruction-level parallelism inside the Prevailing model of the current high-performance
pipe"ne and exp|0iting thread-level para”e“sm machine to be the target of hazard analysis and its
among multiple concurrently operating pipelines of a supporting datapath. For example, we may take the
Supersca|ar processor. In the design process, it i§implest register-register RISC machine architecture
crucial to understand and analyze the operation ofand its three-address instruction format as our target
instruction pipe"ne in its Comp“cated Space-time of StUdy. This choice would determine the qualitative
relationships of running an instruction stream over parameters rather than the quantitative ones. By
multiple stages of the pipeline, the extensive existencedualitative parameters, we mean the minimum fully-
of various types of data and control hazards amongfunctional set of instruction types, each having a
instructions, and the distributed control mechanism of distinctive  execution mode. By quantitative

handling variable latencies of operations. parameters, we mean word length, instruction length,
The design of an instruction pipeline consists of memory size, and the number of CPU registers, etc.

the following steps: For our limited purpose, we take the required basic
1. Instruction set design instruction types, such ad U, ALUimm Load/Store

2. Design of the structure and initial datapath of CompareandBranchinstructions plus &loOperation
the pipeline instruction. The execution procedures for these types



of instructions are shown in Table 1, wh&@means the pipeline. This conflict can be resolved by
destination registerRs means source registeRC employing disjoint memory modules. For the latter,
means program countemem means memorydisp the conflict of using general-purpose register set for
means displacement, an8xx means to setRd reading and writing data in two different stages can be
according to conditiox, wherexx can be >, <,, solved by using a two-phase clock signal on a common
= or . In the practice of the actual design, more general-purpose register set such that the clock signal
complex and advanced instruction types must beacts on its write port in the first phase and act&on

considered as well. read port in the second phase, hence implementing a
read-after-write protocol for the interleaved operand
Table 1. A small instruction set in terms of fetch process.
instruction types. However, in the reality of datapath design for
more complex instruction set used by a restricted
Instruction _ CISC register-memory architecture, it would allow
Type Execution Procedure only one of the source operands to be accessed from
memory. In such a complex case, we would have to
ALU Rd  (Rsl) op (Rs2) design a six-stage pipeline with the functional
ALUImm Rd  (Rsl) op imm decomposition in_ the following sequence: Instruction
fetch Instruction decode and Register operand
Load Rd  mem[(Rs)+disp] access ALU operation execution (including
Store mem[(Rs)+disp] _ (Rd) effective memory address generation)Data memory
access Second ALU operation execution for
Compare Sxx | Rd=1if (Rs1) xx (Rs2) = true register-memory instruction type Write back to the
else Rd=0 destination register.
Branch PC  (PC)+offset if branch taken,
else go on if branch untaken 4. Analysis of Data Hazards and Control
NoOperation Go on, no other action Hazards

Our experience shows that Step 3 contains the

3. Design of the Structure and Initial  most critical procedure in the design of an instruction
Datapath of the Pipeline pipeline. Careful analysis of data hazards and control
hazards plays an important role in the design and

This step is the consideration and design of theimplementation of the control mechanism for
functional decomposition of the datapath as well as theachieving a fully operational pipeline datapath with
mapping of the functional steps into the corresponding optimized performance.
stages of the pipeline. In case there is the confliet There exist many cases in which an instruction
of resources between two or more stages, the resulted€eds to fetch a data item before it can be produced by
structural hazard must be resolved. At this point, we & previously-executed instruction, thus causing a data
assume that all Stages of the pipe”ne work hazard. It mlght be natural to think that any data
independenﬂy of one another using non-sharab|ehazard can be solved by stalling the pipeline whenever
hardware, temporarily ignoring the possible existenceit is necessary. However simply stalling a pipeline ca
of data hazard and control hazard among stages. cause too large a sacrifice of the pipeline performance

A ﬁve-stage pipe“ne is chosen as our examp|e_ to be an acceptable solution. To avoid the loss of
The execution process of an instruction can be divideduseful clock cycles, we should find the source of the
into five separate stages, i.e., instruction fetch, (IF data as early as possible when the data is just
operand fetch/instruction decode (ID), operation generated by a functional device, then we can
execution (EX)’ memory read/write (M)] as well as immediately forward it from the OUtpUt of that device
result write back (WB). In this step of the design, the to the destination of the data via a specially designed
obvious issue is how to resolve the structural hazardsforwarding path. However, there are two difficulties in
caused by the conflict of using (1) memory and (2) this type of hazard analysis: (1) we need to make an
genera|-purpose register set. For the former, both th@XhaUStiVG search of all possible instruction pairs in
instruction fetch and the operand fetch need to useorder to find all possibly existing data hazards or
memory at the same time, but at two different stafjes o control hazards and then design the corresponding



forwarding paths as the remedies, (2) we need totypical cases of hazards that require separate
derive the logical expressions for the control oflafl t forwarding paths or stall mechanisms for their
forwarding paths and pipeline stalls for acting on the resolutions. At the same time, we will show how the
correct device at the correct pipeline stages. Tohazard analysis is used to help in deriving the simplest
overcome these difficulties, we introduce a graphical logic expressions for their corresponding control in
method that makes the hazards to be easily revealedthe datapath.

This method is simple to use for defining the hazard As the basic requirement of hazard analysis, we
types as well as deriving the logic expressions for thecan draw the graphs of analysis for all nine cases of
hazard control. hazards as shown in Figure 1.

As the example in the following discussion, the Based on these graphs, we can derive all the logic
seven instruction types defined in Table 1 will be used expressions of control. We introduce the general rule
for the analysis and design of the aforementioned 5-for our analysis as:
stage pipeline. We will show a complete set of nine

ALU source Flelc [IF[] D Ex%ﬁﬂ B| forwarding ALUout via
ALU dest R IF[[ D[TEX[[ M| |wB]| EX/M to ALUin

ALUsource Rd [ IF[| ID][EX]Jml\WB| forwarding ALUout via
" an jifrelevant irFsttrlj tior M/WB to ALUin
ALUdest Rs [ E[] DITEX | M [|ws]|

ALU source Fleld [ IF]] ]| ex|}mtfwB]| forwarding ALUout via
B M/WB to MEMin
SWdata Rd HIIBIEZIE i

ALU source Rd I ”:I D |EX M \WBl forwarding ALUout via

I an jreldvant [ihgtr{iftio] M/WB and EX/M
SWdata Rd [ F[] D v [ Jwe] to MEMin

Lw Rﬁ [E]T o] TeX]T m [{we] forwarding MEMout via
SWdata Rd HIEIER [wB| M/WB to MEMin

LW Rd [IF[] D[TEX]T M]§wB] forwardinguEMout via
1] an fifreleMant fidstriigtio] M/WB and EX/M
Swdata Rd [F]] D M | wB| to MEMin
Lw Rﬁi [ ] [n[TEX] M \wB stall so as to forward
ALUdest  Rs IF] [stal[ [ 1D [TEX] [ M [ [WB] MEMout via

M/WB to ALUin
ALusource Rd | IF|[ ID] | EXN,mM | WB stall so as to forward
Il IF| Ftall Ex | ™ [JwB] ALUout via

EX/M to Zero detector

Branch Rs

LW Rd IF|| | | x| | M [[wB stall so as to use
Branch ks [FL|sal a8 [JEXTT M [ [W8 MEMout via
the rea-after write mechanism

Figure 1. Analysis of nine types of data hazards and control hazards

Each expression must inter-relate the correspondingdevice are active in the same cycle. In other wdtds,

set of signals that are active in the same clockecycl source of the data must be latched in an interstage
This means that the starting point of each forwarding register so that its output signal can be active and
path must originate from an interstage register with its synchronous with the input signal of the destination

output signal connected to the destination device indevice during the same clock period.

the same pipeline stage so that the output of the By using this rule, we introduce a clear concept of

interstage register and the input of the functional distributed control in the sense that the controlbahe



stage uses only its own local signals, independent fromin the EX stage. So the logic expression for control of
other stages of the pipeline. This distributed control the multiplexer relative to Case 1 can be derived as:
implements the independent and concurrent parallel
operations at all stages of the pipeline. (EX/IM-OPcode = ALUsource) AND (ID/E®Pcode
To give a more detailed discussion, we will show = ALUdest) AND (EX/MRd = ID/EXRS) ...... ()
the analysis of two cases selected from Figure 1. For
the convenience of generalizing the result of hazardNote: (1) Since ALUimm does not use lower input
analysis, we classify the OPcodes of the instructionsmultiplexer of the ALU, the logic expression for the
into the following groups using the corresponding ALUdest group should be modified by removing
notations: ALUimm from it. (2) The OPcode of NoOperation
should be excluded from the expression if it may cause
- ALUsource Group of ALU, ALUimm, and Sxx any side effect.
instructions which produce and store the result of
ALU operation in the destination register Rd as the Example 2 Case 4 in Figure 1
source data to be consumed by the corresponding This case occurs between ALUsource and
destination instructions. In the example of SWadata. It differs from case 1 in two ways: (1) there i
forwarding, this data is actually at the output of the an irrelevant instruction between the two related
ALU being latched in the interstage register EX/M instructions to make the distance equal to 2, and (2)
and is to be used for forwarding. the second instruction is a store instruction which
needs to have its source data in Rd forwarded from the
- ALUdest Group of ALU, ALUImm, Sxx, first instruction to be stored in memory. Although we
LW/SWaddr instructions consuming data accessedcan latch the data in the interstage register M/WB via
from at least one of its source registers Rs. Theythe interstage register EX/M, we do find in the graph
include ALU (Rs1 or Rs2), ALUimm (only one Rs), that it is still too far to forward the data from thdo
Sxx (Rs1 or Rs2), LW/SWaddr (load/store with only the data input of memory. Thus the only way to avoid
one source register Rs used as the address register)a pipeline stall is to forward the data from interstage
register M/WB to the EX stage, and from there
. SWaddrvs. SWdata through a multiplexer latch the data into the interstage
0 SWaddr is used to denote the store instruction register EX/M, and finally reach the write port of the
which consumes data from its source register Rs.data memory. Thus the forwarding path needs to go
It is used as the address register for writing the through a multiplexer in the EX stage and the
existing data in Rd into memory. interstage register EX/M so as to finally reach thada
0 SWdata is used to denote the store instructioninput of data memory. The logic expression of control
which consumes data by writing the contents of can be derived as:
its register Rd into memory. That means both Rs
and Rd are source registers, but Rs is used agM/WB'OPcode = ALUsource) AND (ID/ERPcode
address register, while Rd is used as data register.= SW) AND (M/WBRd = ID/EXRd) ........... (2)

- Branch The branch instruction which consumes Using the result of Step 3, we can modify the
data from its source register as a condition of initial datapath obtained earlier in Step 2. Typically,
determining the outcome as “branch taken” or in this Step 4, we add multiplexers into the datapath
“pranch untaken”. The condition is used by a zero together with the distributed control signals designed
detector in its ID stage. Therefore, all the in Step 3. This creates the operational block diagram
forwarding paths going to a branch instruction are of the pipelined datapath with its complete control.
destined to there.

5. Developing a Multithread Environment

Example 1 Case 1 in Figure 1

This case occurs between ALUsource and Looking at the result of hazard analysis

ALUdest. It includes two forwarding paths from the summarized in Figure 1, we can reveal an interesting

ALUoutput that was latched in the interstage register phenomenon, which would lead to the nature of

EX/M and then forwarded to the upper input developing a two-level multithreaded environment on

multiplexer or the lower input multiplexer of the ALU the basis of the original one-level pipeline. This



phenomenon can be described by the following 6. Conclusion
statements:

In this paper, we described the basic steps of a

- All hazard types 1, 3, and 5 become hazard types 2design methodology proposed for the analysis and
4, and 6 respectively, if we artificially insert an design of a typical instruction pipeline that serves the
irrelevant instruction between each pair of their central processing unit of a contemporary high-

instructions. performance processor. The proposed steps started
- Each of the hazard types 7 and 8 has one stallfrom the specification of a RISC processor with the
already. major instruction types of an instruction set. They

- Only the hazard types 9 needs two stalls in order towere followed by several interleaved steps of analysis
make use of the read-after-write mechanism of theand design of the logical structure of its pipelined
general-purpose register set. datapath. The major topics discussed in this analysis

include the structural hazard, the data hazard, and the
These statements support the construction of acontrol hazard. The analysis resulted in the optimal
two-level multithreaded environment in which two resource allocation, the additional forwarding paths
independent instruction streams can run in parallel onfor resolution of various data hazards and control
the pipeline, thus avoiding the performance lose in thehazards as well as the logic circuit for controlling th
cases 7, 8, and 9, while still utilizing all the pipeline stall. Finally, we further analyzed the pattern

forwarding paths for resolving the data hazards for of hazards in more detail. Lastly, we developed a

cases 2, 4, and 6. For case 9 alone, it would be evetechnique of running the pipeline in a multithreaded

better to run three independent threads in parallel. Inenvironment, thus improved pipeline performance by
the extreme case, as many as four independent threadsvoiding the time of pipeline stall.

could be running in parallel on the pipeline, therefore

all the hazards described in Figure 1 will be avoided 7, References

by fully utilizing the read-after-write mechanism of

the general-purpose register set. [1] Hennessy, John L. and Patterson, David A., Computer

It should be noted that the above-stated argumentsarchitecture: A Quantitative Approach’dition, Morgan

can be applied to a 5-stage pipeline. For other Kaufmann Publishers, 2007.
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CSC 475 Distributed Systems 4 cr.

Catalog description: This course introduces the techniques that pravieeun-time infrastructure supporting today's reeked
computer applications. Such applications must ippatied by systems of multiple autonomous compuibesely coupled through
an interconnection network to achieve informatind eesource sharing. The networked computers veggther through message-
passing communication and programming in the enuient of a single virtual machine. The course af#re the issues to be
resolved in the design of this type of distribusgdtems and discusses successful approachesfanrthef abstract models,
algorithms and detailed case studies of widely-systems. Topics covered include: interprocess aamwation and remote
invocation, distributed naming cryptographic segudistributed file systems, data replication digtributed transaction
mechanisms. Three lecture hours and three howichefluled laboratory per week, plus programmingwatside of class.

Prerequisite: CSC280 and CSC 315A with a grade of C+ or higher.

Goals:
The purposes of this course are to:
CG1: To introduce students to the main conceptdesithiques of distributed systems.
CG2: To foster an understanding of the fundamesgakes among various distributed applications.
CG3: To provide information in sufficient depthatiow students to evaluate existing distributedesys or design new
ones.

Objectives:
Upon successful completion of this course a studéhhave:

CO1: mastered terminology and basic concepts adfrgénharacteristics of distributed systems

CO2: extended his/her previously-learned basic kedge in the subject areas of Object-Oriented Riragring, Operating
Systems and elementary Computer Architeditioethose aspects of computer networks relevadistoibuted
systems.

CO3: gained hands-on experience in developmerisoiialited algorithms, security and interfaces.

CO4: chosen a course project in one of the sulsfieldlistributed system design, read and synopgizedal/magazine
articles in the selected subfield, achietredproposed learning goals of the project, andrgavformal presentation
of the completed projects

Topics:

Characteristics of Distributed Systems

o Computer Architecture Level
Communication Network Level
Interprocess Communication Level
Operating system Level
Middleware Level
Distributed File Systems Level
Distributed Transactions Level
Distributed Applications Level

OO O0OO0OO0OO0OOo

Architectural View of Distributed Systems
o Distributed System Models
Multicomputers vs. Multiprocessors
Networked vs. Clustered (switched) Architectures
Clock Synchronization
Global States

O O oo

Message-Oriented Communication
o Paradigms for Distributed Communication
0 Interprocess communication
0 Message-passing communication
o Group Communication

Distributed Communication
o0 Client-Server Communication



o Code Migration or Code Mobility

0 Remote Procedure Call

o Remote Method/Object Invocation (RMI/ROI)
Middleware

o Middleware Models and Paradigms

o Java Middleware

o CORBA

o COM, DCOM, and .NET

o MOM (Message-oriented middleware)

Distributed Operating System

0
0

(0]

O O O0OO0OO0o0Oo

Evolution of Operating Systems
Synchronization in DS
Clock synchronization
Mutual exclusion
Multicast communication
Distributed agreement
Distributed deadlock
Processes and Processors in DS
Threads
System models
Naming
Processor allocation
Distributed Scheduling
Consistency and replication
Fault-tolerance
recovery

Security

Cryptographic algorithm
Digital signatures
Cryptography pragmatics
Secure channels

Access control

Distributed Transactions and Distributed File Syste

(0]

O O O0OO0OO0oOOo

Atomic Transaction Processing
Concurrency Control

Distributed Deadlock

DFS Design and Implementation
Example DFSs

Distributed Database Servers
Distributed Shared Memory

Distributed Applications

0
0

Distributed Computing
Internet Applications
World Wide Web
Internet addressing;
Name Services
Locating mobile entities
HTTP, Servlets
JavaMail
E-Commerce
Internet security

Mobile and Ubiquitous Computing



Association

Interoperation

Sensing and Context-awareness
Security and Privacy

Adaptation

O O O0OO0oOo

Distributed Multimedia Systems
Course Requirements:

Examinations
There will be a midterm examination and a finaraination, counting 20% and 25%, respectively.

Homework Assignments
There will be a set of homework assignments gisethe instructor.

Lab Exercises:
There will be in-lab assignments given duringttiree hours of scheduled laboratory per week @yrtstructor.

Programming Projects
There will be a set of programming assignmentsrgby the instructor. Students are responsibledopleting these

assignments outside class.

Course Project
There will be a single course project given teyitistructor. The detailed requirements will beegiearly in the semester,

so that students can start planning early. Theprmay take a number of different formats defibg either the
instructor or initiated by a student with the epal of the instructor.

Grading:
Homework Assignments 10%
Programming Projects 15%
Lab Exercises 15%
Course Project 15%
Midterm Examination 20%
Final Examination 25%
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MoneyLine by Neil Downing

Comments~ | Recommende+

Non-working spouse is eligible for some Social Satty benefits
01:00 AM EDT on Monday, August 13, 2007

What's the point of working if you can stay at home and still codldmtnefit from Social Security?
That, in a nutshell, is the question a woman from East Greenskell &oneyLine:

Q. I worked 40 years and earned my Social Security benefits. Myraigichthe same thing. My
guestion is [about] a spouse that has worked and his wife did not workhgerthe retires, as |
understand it, she gets half of his Social Security benefit — beeighh she never worked and never
paid any quarters. | don’t understand this process. | find that, havikgdydmreceive a little bit more
than a friend of mine does, but | don’t understand why she gets Souigit$sbenefits when she never
worked. | don’t begrudge them; | am just curious how this process works'o me, if you earned it,
you get it; if you don’t earn it, you don’t get it.

— B.L., East Greenwich

A: Here’s the general rule: If you're married but don’t work jolathat’s covered by Social Security,
you'll still be eligible for certain benefits, but they’ll be bdsntirely on the working spouse’s record.

However, if you're married and do work in a job that's covered by S8eialrity, you’'ll be eligible for
more coverage — for you and your family members.

That's a key point that some people miss. Following are someddetail

You Don’t Work: If you’'re married, and make your home and family yougeraryou and your family
will have Social Security coverage through your spouse’s work, said Barh@wski, regional
communications director for the Social Security Administration.

Assuming your spouse works in a job that’s covered by Social Security, yoaasve benefits when
he retires, becomes disabled, or dies.

In general, you must be age 62 or older to collect benefits when your figmasees disabled or retires.

If you start collecting such a benefit early — before you reach yourelidément age — you’ll receive
a reduced amoui

http://www.projo.com/business/moneyline/BZ MoneyLine 13-13-07 GU6MPPR.2... 11/19/200:
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However, if you wait until your full retirement age to start adileg, you'll receive a full benefit —
equal to 50 percent of the amount that the working spouse is entiletutbretirement age. (Thus, if
the working spouse is entitled to $1,000 a month, you'll be entitled to t$866 a month.)

“A spouse with no record [of work and earnings under Social Secaaity] get more than half,”
Czarnowski said in an interview at the Social Security Admatisin’s regional headquarters in Boston.

How much the stay-at-home spouse receives will depend entirely aotkieg spouse’s record of
work and earnings under Social Security, he said.

You Do Work: If you're married, and both of your jobs are covered by S8ew@lrity, how much will
you receive in benefits? It depends.

You'll receive a monthly benefit based on your own record of work and earoingse that’s based on
your spouse’s record of work and earnings.

You'll receive whichever is higher — in other words, whichever will pau more, Czarnowski said.

In addition, if you work, you'll generally be eligible for benefits basad/our own record should you
become disabled. (That's not true for a stay-at-home spouse.)

Also by working, you earn survivor benefits for your family. So if you digikde family members wil
receive survivor benefits based on your record of work and earnings.qhbatrue for a stay-at-home
spouse.)

The bottom line is that, by working, you may obtain more coverage — nobjugbdrself, but also for
your family members. For a stay-at-home spouse, however, covelagged — and hinges on the
working spouse’s record.

There are lots of other rulesid details, too many to list here. (For example, when a governnmesnb
is involved, Social Security benefits may be reduced.)

For more information, be sure to obtain a copy of “Social Securityt Bery Woman Should Know,
a handy booklet which explains in plain language how working spouses and-Btayieaspouses are
covered.

Although the booklet is geared toward women, it includes information gésgit®® men and women.

For your free copy, visit your local Social Security office, tadl agency toll-free at
, or use this Web site:

WWww.Socialsecurity.gov

TODAY'’S TIP: Have you sent a child to day camp this summer@, lksep in mind that you may be
eligible for a tax break.

In general, you may qualify if you’re a working parent and had to arrangarferfor one or more of
your children under 13.

In that case, the cost of day camp can count as an e toward a federal incon-tax credit for chilc

http://www.projo.com/business/moneyline/BZ MoneyLine 13-13-07 GU6MPPR.2... 11/19/200:
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and dependent care. (Expenses for overnight camps don’t qualify.)

The credit generally lets you count up to $3,000 in annual expenses (includimgisday camp) for
one child, up to $6,000 in annual expenses for two or more children.

The amount of the credit ranges from 20 percent to 35 percent of expEms@sare income limits and
other restrictions, too many to list here.

For details, see Internal Revenue Service Publication 503, “ChilDependent Care Expenses.” For a
free copy, visit your local IRS office, call the IRS toll-frae , or use this Web
site:

WWW.irs.gov/formspubs

Neil Downing is a Journal staff writer and author of The New IRAs and td Make Them Work for
You. Questions about your money matters? Call us at and leave a message, or e-
mail:

moneyline @projo.com

Sorry, no personal replies; as many questions and issues as poskdp@edr here.

http://www.projo.com/business/moneyline/BZ MoneyLine 13-13-07 GU6MPPR.2... 11/19/200:
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COMPUTER SCIENCE DEPARTMENT Fall 2009
Bo Hatfield
|
MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY
COURSE | ROOM COURSE ROOM COURSE | ROOM COURSE ROOM COURSE ROOM
9:30-10:45 9:30-10:45
MH206 MH206
10:15-12:15
MH207B
11:00-12:15 11:00-12:15 11:00-12:15
| coMMUNITY MH209 MH209
TIME
] 1:00-2:00 1:00-2:00
] MH207B MH207B
] 3:00-4:00
H 4:00-5:00 4:00-5:00 4:00-5:00
Teaching CSC 315A Office Hours - By Appointment Only Administrative Duties
: GUARANTEED to be Open for
Section 01 and L21 A Appointment

Final Exam Schedule

Course Section Day Date Time Room

CSC315A 01  Tuesday December 15 2:00PM — 4:00PM MH 206

CSC498/CSC500 Presentation Schedule (Reading Day)

CSC498/500 ALL  Monsday December 14 9:30AM — 4:00PM MH 206
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5 a] cm ‘\(, Computer Science Department

““““““““““ cs.salemstate.edu
Educating you for life.”
SYLLABUS Fall 2009
CSC 315A Principles of Data Communications 4.0cr.

Prerequisite(s): CSC 260 with grade of C+ or higheBe able to program in a structured high-level prgramming language, such
as C, C++ or JAVA.

Instructor: Bo J. Hatfield Office: MH 207B Phon&78) 542-6979
Email: bhatfield@salemstate.edu
Office Hours: Tuesday, Thursday 1:00PM to 2:00PMdesday 10:15 AM to 12:15 PM; loy appointment
Web Site: http://cs.salemstate.edu/hatfield/teaching/coutse815A/home_sp09.htm
Section Time Room Final Exam
Tue. Thur.
01 MH 206 Tuesday December 15

9:30AM — 10:45AM

2:00 PM - 4:00 PM

Tue. Thur.
L21 MH 209 MH 206
11:00AM - 12:15PM

Catalog description

This course examines the basics of data commiprisat Modulation techniques, multiplexing, transsion media, error control
techniques, message formatting, and packet-swigdhithniques are discussed. Various communicatimiogols, switching
techniques, private branch exchange, networkingraathetworking are covered. Three lecture hamdthree hours of scheduled
laboratory per week, plus programming work outsifielass.

Course Goals:
The goals of this course are to:
CG1: provide an introduction to the basic requirets®f, and the techniques used in, data commiumicagtworks;
CG2: develop students' understanding of the basiciples of the technology and architecture oadatd computer
communications.

Course Obijectives:
Upon successful completion of this course the stidél have

CO1: mastered terminology and basic concepts afrgénharacteristics of LAN and WAN systems;

CO2: established a unified and fundamental vieth@hbroad field of data communications networks;

CO3: gained hands-on experience in setting up fmepeer and client-server network models;

CO4: chosen a topic in an up-to-date area of dataunications, read and synopsized three journabliziag articles
relating to the topic, and given a formal presémtedf the completed term paper. Upon successfualpdetion of this
course, a student will have:

Course Topics:

The department-standard list of topics and a génetaise bibliography can be found on the Comp8téence Department
website ahttp://cs.salemstate.edu/csc315A.htm

data transmission
o0 transmission media
o history of data communications
o frequency
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spectrum

bandwidth

signal strength

analog and digital data transmission
transmission impairments
signal-to-noise ratio

twisted pair

coaxial cable

optical fiber

satellites

microwave

infrared

low earth orbit satellites

low earth orbit satellite arrays

local asynchronous communication (RS232)

(0]

O O O0OO0OO0o0Oo

the need for asynchronous communication
standards for communication

baud rate, framing, and errors

full duplex asynchronous communication
limitations of real hardware

hardware bandwidth and the transmission of bits
the effect of noise on communication

long-distance communication (carrier, modulatiod emodems)

(0]

OO O0OO0OO0OO0OO0OOo

sending signals across long distances

modem hardware used for modulation and demodulation
leased analog data circuits

optical, radio frequency, and dialup modems

carrier frequencies and multiplexing

baseband and broadband technologies

wave division multiplexing

spread spectrum

time division multiplexing

packet transmission

packets, frames, and error detection

(0]

OO O0OO0OO0OO0OO0OO0OO0OO0OOo

the concept of packets

packets and time-division multiplexing
packets and hardware frames

byte stuffing

transmission errors

parity bits and parity checking

probability, mathematics, and error detection
detecting errors with checksums

detecting errors with cyclic redundancy checks
combining building blocks

burst errors

frame format and error detection mechanisms

LAN technologies and network topology

(0]

0
0
0

direct point-to-point communication

shared communication channels
significance of LANs and locality of reference
LAN topologies
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example bus network: Ethernet
Carrier Sense on Multi-access Networks (CSMA)
collision detection and backoff with CSMA/CD

hardware addressing and frame type identification

(0]

OO O0OO0OO0OO0OOo

specifying a recipient

how LAN hardware uses addresses to filter packets
format of a physical address

broadcasting

multicasting

multicast addressing

identifying packet contents

frame headers and frame format

LAN wiring, physical topology, and interface hardea

O O O0OO0oOo

speeds of LANs and computers

network interface hardware

the connection between a NIC and a network
original thick Ethernet wiring

connection multiplexing

extending LANSs: fiber modems, repeaters, bridged,savitches

long-distance digital connection technologies: edpebridge/router/gateway

WAN technologies and routing

connection-oriented networking and ATM

network characteristics: ownership, service paradend performance

protocols and layering

internetworking

(0]

OO O0OO0OO0OO0OOo

internetworking: concepts, architecture, and pratoc
IP: Internet Protocol Addresses

binding protocol addresses (ARP)

IP encapsulation, fragmentation, and reassembly
the future IP (IPv6)

an error reporting mechanism (ICMP)

TCP: reliable transport service

internet routing

network applications

(0]

OO0 O0OO0OO0OO0OO0OO0OO0OOo

client-server interaction

the socket interface

example of a client and a server

naming with the domain name system

electronic mail representation and transfer

file transfer and remote file access

World Wide Web pages and browsing

dynamic Web document techniques (CGI, ASP, JSP, BdiFusion)
technology for active Web documents (Java, JavpBcri
RPC and middleware

network security
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Text(s):
(Required Text) Computer Networking — A top-down approach featuritige Internet 5th Edition
James F. Kurose, Kriyh W. Ross Addisowesley, 2010
ISBN-13: 978-0-13-607967-5

Software:
Wireshark — a free packet sniffer (download ditgp://www.wireshark.org/download.htjml
Jave IDE (for example: Jave NetBeans, an open epurc

Hardware:
Layer 2 (datalink) switch (e.g., JFS524 24-portlO0/ Mbps Ethernet Switch from Dell)
Cisco IP router.

Cell phones:
Turn the ringer off, or, better yatirn the phone off

Class Attendance:(required)
Students are expected to attend all lecture sactind lab sections. Each student is responsibglfimformation; all course
requirements, assignments and announcements nigisether or not the student is present).

Final Grade:
Homework Assignments 18%
Lab Assignments 22%
Term Paper (written and presentation) 15%
Mid-term Exam (Time will be announced in advance) 20%
Final Exam (Tuesday, December 15, 2:00PM to 4M00RH 206) 25%

Attendance is not used to calculate the final gradevever, note that you are at all times respdaddy assignments and materials
presented in class.

Lab Exercises

This course includes laboratory exercises eitbaedn the lab section of the class or outsidesdis section. Lab exercises are
intended to help students to understand what #zenlin the lectures. More importantly, studenis gands-on experiences through lab
exercises. Lab exercises will be performed in dhefof both individual and team work. Studentseaqeected to spend sufficient time
outside the class to complete a number of lab esegcThe detailed information of lab exercisestmafound on the Laboratory pages of
the class website.

Lab Exercises counts 22% towards the semestéstatiaes. Failing to complete at least 70% of bedreises will result in a grade of
“F” for the course. Your written lab exercise refgare to be prepared on a text- or document- psiug system and turned in as a listing
on 8.5 by 11 paper. Multi-page assignments are tstdpled together.

Submission Deadlines / Late Penalties

Homework assignment and lab exercises will be gtadeording to the following policy

On time 1 day late 2 days latd  After a homeworkgiaded and After the solution is given out
given back
will not be graded
100% 90% 80% 50% of the lowest (graded) 0
scores in class

Exams

There will be a mid-term examination and a compnsive two-hour final examination. The mid-termreixeation will be given about
week 7 or week 8 and counted as 20% of your firedg The actual date will be posted on class wehtieast two weeks in advance.
The final examination will be taken on Tuesday, &aber 15, from 2:00PM to 4:00PM in room MH 206. Tihael exam counts 25%
toward your final grade.
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Missed Tests:
Unless arrangements are made in advaheee will be NO opportunity for making up a neidssxam. Please do not arrange any other
activities on the posted exam dates.

Homework Assignments:
Homework Assignments counts 18% towards your finatle. Yo