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ABSTRA CT

The complexity of today's VLSI chip designsmakes veri cation a step necessary
before fabrication. The increasingsize of the chips requiresvery excient simula-
tion strategiesto acceleratethe simulation process. As a result, gate-lewel logic
simulation hasbecamean integral componert of a VLSI circuit designprocessthat
veri es the designand analyzesits behavior. Sincethe designsconstartly grow in
sizeand complexity, there is a needfor ever more excient simulations to keepthe
gate-le\el logic veri cation time acceptablysmall. The most promising approad is
the useof multiple madinesto simulate the circuit in parallel, which is referredto
parallel logic simulation of circuits. The parallel simulation takesadvantage of the
concurrencyavailable in the VLSI systemto acceleratethe simulation task.
Parallel logic simulation hasbeenpaid a lot of attention during the past sev-
eral years, but a high performancesimulator is not yet available to VLSI designs.
The focus of this thesisis an excient simulation of large chip designs. We start
with a survey of the researt donein this eld to date, concenrating on parallel
logic simulations. Then, we presen a designand implemertation of a new parallel
simulator, called DSIM. Finally, we demonstrate DSIM's exciency and speed by

simulating a large, million gate circuit using di®eren number of processors.
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CHAPTER 1
Intro duction and background

1.1 VLSI Circuit simulation

The dewelopmer processof a hardware unit may take seweral months or even
years, and the costs of its fabrication instrumentation may read se\eral billions
of dollars. Therefore circuit simulations done before fabrication have becamean
important and necessarystepto avoid designerrors. If undetected,sud errors may
waste all the time and money investedin the design, becauserepair of fabricated

circuits is currently impractical.

1.1.1 FPGA/ASIC Design Flow

Hardware designsare supported by hardware descriptionlanguagespor HDLs,
sudh as VHDL (Very High Speed IC Hardware Description Languages)[29] and
Verilog [2]. By using a HDL, one can descrile arbitrary digital hardware at any
level. Chips are designedeither in bottom-up or top-down fashion. The preferred
style of most Verilog baseddesignss top-down. Figure 1.1showvsatop-down design
and implemertation of a FPGA/ASIC unit [34]. HDLs support alsodi®erent ways
to descrike the chips. Verilog, for example, provides three levels of abstraction:

behavioral level, register-transferlevel and gate level.

1.1.2 Four groups of circuit simulation
According to the level of detail, circuit simulation can be classi ed into four
groups[34]:

2 Behavioral or functional simulation: Circuit elemens are modeled as func-
tional blocks that correspnd to the architecture's hardware functional blocks.
Functional simulation cantake place at the earliest stagesof the design. The
simulators allow sophisticateddata represemations and model only the behav-

ior of a design.
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Figure 1.1: FPGA/ASIC Design Flow

2 Gate-lewel logic simulation: Circuit elemerts are modeled as the collection of
logic gates(for example,NAND, OR, D °ip-°op) and wireswith connectivity
information. Figure 1.2 shows a simple example of a gate-le\el circuit with
three logic elemerts. The input to gate-lewel simulators is two-valued (O or
1), and the output is computed basedon the truth table modeling the gate.
A delay model is assaiated with ead gate, sud as zero-delg, unit-delay or

multiple-delay models.

2 Switch-level simulation: Simulators use the samelogic values as gate-le\el
simulators use, but circuit elemerns are modeled as transistors rather than

gates.

2 Circuit level simulation: Circuit elemens are modeledastransistors, resistors
and wires with propagation delays determined by their geometric structure
and the underlying technology. Thesesimulators rely on basic physical prin-
ciplesand thus can be highly accurateand general. Howewer, the simulators
determinethe analogwaveformsat nodesof the design,sothey are rather slow

and unableto processvery large designin a reasonableamourt of time.
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Figure 1.2: A gate-lev el circuit example

1.1.3 Timing granularit y

In logic simulation, there are seeral possibilities to model the behavior of
circuits, eah with di®eren timing granularity from very ne-grained timing to
coarse-grainedtiming. Fine-grained timing usually use a time resolution in the
range of 0.1nsor smaller, which is more accurate than the coarse-grainediming.
Somegate-lewel simulators may usea single delay for a given elemer, others may
have di®eren days dependingon the output or whetherthe signalis rising or falling.

The models can be grouped as the following [43]:

2 Continuoustime: It is mainly for analogsimulations of the lowest level. The
currency and voltage is expressedas di®erenial equationsin dependencyof

the time.

2 Unit delay: It takesexactly onetime unit for the changeof a signalto become

available.

2 Fixed delay: Each elemen hasa constart delay time through the whole sim-
ulation time. By this model, the circuit can be simulated more accurately

sincedi®eren falling and rising times can be simulated.

2 Variable delay: This is the most °exible model for the elemens. Each element
can have variable delays, which is dependen on the output capacity or the

state of the simulated system.



1.1.4 Sequential simulation strategies

Gate-lewel (logic) simulation can be classi ed into two categories: oblivious
and ewert-driven [34]. In the oblivious simulation, ewvery gate is evaluated once
at eat simulation cycle, whether or not the inputs have changed. The workload
is xed, and the stheduling can be statically performed at the compile time, thus
there is no overheadincurred during the run time. In the evert drivensimulation, a
gate is evaluated only when any of its inputs haschanged. For large circuits, evert-
driven simulation is more excient becausefewer logic gates are evaluated at any
time instance. For se\eral reasonsyery large and complexsystemstake substartial
amourts of time to simulate even with evernt-driv en simulators [7]. First, increasing
the number of simulated gatesresults in the increaseof the number of functional
ewvaluations. Second,the overhead of managingthe event queuein the simulator
grows with the increasein the number of unprocesseceerts in the queue. Third,

larger the circuit is, larger the number of input vector neededto verify its behavior.

1.2 Special purp ose hardw are techniques

There are somespecial purpose hardware techniques usedto achieve better
performance,sud asthe Yorktown Simulation Engine (YSE) [46]from IBM and the
XP Simulation Boosterfrom Zycad. Thesehardware acceleratorhave disadwvantages
[40]: they are more expensiwe than general purpose hardware, and the type of
elemens and delay modelsthat they canhandleare very limited. For thesereasons,
we are not consideringhardware acceleratorsin this paper. Instead, we focuson an

ewvert-driv en logic simulation for general-purgppsecomputers.

1.3 Parallel Discrete Event-driv en Simulation (PDES)

To speedup simulations, parallel discreteevent simulation (PDES) for large
circuits has been advocated and used. In this approad), the model is composed
of somedisjoint submadels [43]. The simulation of eady submadel is carried by
the so-calledLogical Process(LP). Each processortakes charge of simulating one
or more submadels, or LPs, and eat LP interacts with all of the LPs which are

in°uenced by the given LP's local changes.Theseinteractions are accomplishedoy



messagesarrying evens betweenLPs, eat evernt timestamped with the simulation
time at which those evert should execute. In parallel simulation of circuits, eat
gateis modeledasan LP, and assignedo a processor.A gate propagatesits output
signalsto the connectedgates. If the LP of a connectedgate resideson a di®eren
processorthe output generatesa messagesert to that processor.Eadc processor
maintains an evert queue.In order to adchieve the correct simulation, it is crucial to

ensurethat events selectedpresene causality.

1.3.1 Event Scheduling

The above requiremert is easily satis ed in the sequetial simulation by re-
quiring that an event canonly producenew everts with the time-stamp equalto or
greaterto its own. This is also natural asthe results of the events should not im-
pact the simulated past, but only the simulated presen and future. As a result, an
evert with the smallesttime-stamp in the evert queueof the sequetial simulation
is safeto execute(any other evert, either already presen in the queueor produced
in the future must have a time-stamp at least as large as the time-stamp of this
evernt). Even though the samerule about everts generatingnew everts appliesto
eat LP in parallel simulation, no longer this rule is suxcient for correctness.LPs
exdhangemessagesvith evens, sothere is a dangerthat a messagevith the event
arriving from someother processomight have a time-stamp smallerthan the evernt
at the head of the local queue. Ensuring that sud arrival doesnot invalidate the

simulation is the main challengefor the parallel simulation protocols.

1.3.2 Conserv ativ e approac h

PDES techniquesemploys two major classesf parallel simulation protocols:
consenative and optimistic [25]. A newclassof simulation protocol, calledlookbad,
has beenrecenly discorered and preseried in [16{18], but the discussionof this
protocol is beyond the scope of this thesis as it was not yet applied to circuit
simulation.

Under a consenative protocol, an LP executesan event only if it is certain that
an ewvernt with a smallertime-stamp will not arrive at the LP. LPs with no safeevent
to processblock, which may result in deadlack. Deadlock avoidanceand deadlack



detection with recovery are the two ways of dealing with deadlacks in consenative
algorithms. We focus on optimistic protocolsin this paper. In deadlack avoidance,
null messages¢a specialtype of messageortaining time-stamp but no cortent) are
usedto give the lower bounds for the time stamps of the next unprocessedevent.
This lower bound is usedto determineif the evert at the headof the event queueis
safeto process.This approad reducesthe potential of a deadlak, but createslarge
amourt of null messagesthus degradingthe performance. The deadlack detection
and recovery algorithm eliminatesthe useof null messagest the cost of deadlack

recovery when the deadlack occurs.

1.3.3 Optimistic approac h

The original optimistic protocol is known as Time Warp [22,24]. In Time
Warp, an ewvert is processedas soon asit is at the head of the future evert queue
sorted in the increasingtime-stamp. A causality error may occur when a message
is receiwved cortaining an event with a time-stamp which is smaller than the local
simulation time. Sud a messages calleda straggler. After receivinga straggler,an
LP recoversby un-doingthe e®ectof processecd\erts with time-stampslarger than
that of the straggler. This is accomplishedby rolling bad the LP to a state which
precedingthe stragglerand by sendingnegative messages$o annihilate evens sert
to neighboring LPs which have time-stampslarger than that of the straggler. The
LP periodically savesits state, soit can restore a previous state when it needsto
roll bak. In Time Warp, global virtual time (GVT) is de ned asthe smallesttime-
stamp amongall of the unprocessegositive and negative messagesilt is always safe
to processan ewvert with a time-stamp equalto or smaller than GVT. Therefore,
the ewverts with time-stamp smaller than GVT will newer be rolled badk, so the
memory usedto storetheseevens canbe reclaimed[25]. Lazy cancellation[26] and
aggressie cancellation[25] are two ways of annihilating messagesert out by the
rollbacked ewvernts. Lazy cancellation cancelsthose messagesnly whenit is known
that they will not be resert again after the rollback, while aggressie cancellation

cancelsthem immediately when the roll bad occurs.



1.4 A Viterbi decoder design

As our bendimark, we selectedthe Viterbi decaer circuits implemerting a
state-parallel RE Viterbi decader whoseblock diagram is showvn in Figure 1.3(a).
The decaler contains three functional blocks: branch metric unit (BMU) that cal-
culates all the branch metrics; add-compare-selec{ACS) units that update the
accunulative survivor path metrics; survivor memory unit (SMU) that storesthe
survivor paths and generatethe decaler output. For a trellis with N states, a

state-parallel decaler implemerts all the N ACS units that operate in parallel.

,_T__|{,. HL
Sall Iy

s

ra

L)
Branch Metric __| | ACS Unirs _I__ Survivor Memory e z 5

Unit (BMUy | [

Ty nit I o
i ; - A | Liniz {ShILY _,jmf 4 =lis ., ]
Decoder Cutput N

() i I "“"-j f

“'.'\—.\_

From ACS Units

: f\..__.-

frs
—t’

Figure 1.3: (a) The block diagram of state-parallel Viterbi decoder, and
(b) example four-state register exchange structure for SMU.

As extensiwely discussedn the literature (e.g.,[9,10,47]), SMU is convertion-
ally designedin two di®eren styles, register exdhange (RE) and trace bad (TB),
targeting di®eren power/complexity versusthroughput trade-o®s.Basically speak-
ing, RE can easily support very high decaling throughput (e.g., hundredsMbps or
even Gbps) but requireslarge number of transistors and consumesa lot of power.
TB decreasesmplemertation complexity and is quite power-excient but cannot
support very high decaling throughput. In RE Viterbi decaler, as illustrated in
Figure 1.3, the decaler output is obtained by simple register shift operation and
the critical path typically liesin ACS recursion. On the other hand, in TB Viterbi
decdler, certain number of memory accessesire required to obtain ead decaler
output, which often results in the trace bad being the critical path. One impor-
tant parameterin both RE and TB Viterbi decalersis the decaling decisiondepth,



which is the length path memory For convolutional codes,the decisiondepth selec-
tion hasbeenwell discussed3]. What we useis the designedRE Viterbi decalers
with the constraint length of 11, correspnding to the number of NAND gates of

1.2 millon.

1.5 Outline of the thesis

The rest of the thesis is organized as follows. The next chapter descrikes
previous researth work already done in gate-lewel circuit simulation. Chapter 3
contains a description of our circuit simulator, introduction of DSIM, and how to
build the circuit simulation in DSIM. Chapter 4 provides performanceresults for
our simulations of the Viterbi decaler. Finally, Chapter 5 contains our concluding

remarksand plans for future work.



CHAPTER 2
Related work on parallel logic simulation

Many researbers have beendeweloped parallel simulation techniquesto speedup
logic simulation. Meister gave a good albeit bit dated review of parallel logic simu-
lation in [43].

Briner et al [30] implemerted a parallel simulator using Time Warp with lazy
cancellation. He acdhieved the speedupof 23 times over sequetial simulation on
32 processorsof a BBN GP1000system, running mixed-lewel simulations. Briner
also proposedse\eral improvemers over the standard Time Warp to increasethe
speedup,including incremenal state saving, bounding window, and syncronization
granularity. In PDES, roll bad is achieved by periodically save the ertire state of
a processorbeforea next event is processed.The last processedevent changesthe
previous state. In this incremenal state saving method, the ertire state is saved
after every se\eral evernts processed.All the already processecevents are kept in a
linked list. When the roll badk occurs, the processorrestoresto the neareststate
saved beforethe straggler. The ewverts betweenthe state and the straggler are re-
processed.Boundingvindow is usedto reducethe roll badk. Simulation on some
processorsnay get aheadof others, thus receive messagesvith smallertime-stamp,
then roll back needsto be carried out. The boundingwindow, or time frameis used
to prevent the processordrom executing evernts greater than somedelta from the
GVT to reducethe roll badk. That is, The simulation time of a processorcan not
be advancedexceedingthe time frame. Howewer, the bounding window should be
carefully chosen.If the boundingwindow is too large, the time stampsof the events
to be processedshould be within the bounding window, then the bounding window
is uselessany evert canbe processedasusual. If the boundingwindow is too small,
the processomwill block.In syndironization granularity, two syndironization schemes
are implemerted: inter-processorand inter-componert. In inter-processorsyndiro-
nization, all LPs in a processorhave the sametime clock. When roll badk occurs,

the ertire processorneedsto be rolled bad. In inter-componert syndironization,
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one LP or sewral LPs (these LPs can send messageso ead other) can have the
sametime clock. Thus, the straggler event causethe assaiated LP and the LPs
in the sametime clock to roll badk. This approad can lead to lesseverts rolled
bad [30].

Bauer et al [8] proposeda parallel logic simulator basedon event-driv en gate-
level simulator LDSIM [28]. It achieved speedupsbetween 2 and 4 over the se-
guertial LDSIM simulator on 12 processordor medium sizedgatesfrom ISCAS89
bendimarks (sizesof the circuits rangedfrom 3,500to 19,200gates).

Manjikian and Loucks [41] implemerted a parallel gate-lewel simulator on a
local areanetwork of workstations. Simulations with largecircuits from the ISCAS89
bendmark suite achieved speedupsbetween2 and 4.2 on 7 processors.The higher
speedup of 4.2 was adieved through well-balanced cone partitions [50]. In this
partition algorithm, the circuits are regardedas a collection of cones[49]. A circuit
canbe modeledasa graph. A gateis represeted asa node, and a wire connecting
two gatesis regardedas a link of thesetwo nodes. A coneis formed in the process
starting with a primary output of a circuit (the initial setof onenode). The nodes
with connectionsto the newly addednodesin the setareaddedto the setrecursiwely,
until the newly added nodes are primary inputs. The partition algorithm is to
partition the circuits into blocks with equal number of gates using a depth- rst
traversal of the circuit to guarartee that the fan-in coneto a primary output is in
the samepartition asthe gate this primary output is in.

Bagrodia et al [5] developed a parallel gate-lewel circuit simulator in the Maisie
simulation language[6] and implemerted it on both distributed memoryand shared
memory parallel architectures. They achieved speedupof about 3 on 8 processorf
a Sparc1000for a consenative protocol and about 2 for an optimistic protocol for
the four largest circuits (with gatesnumber of 1193,1667,2307,and 2418)in the
ISCAS85bendimark suite. The K-FM [11]and K-MAFM [21] partition algorithms
were usedto partition the circuits. The K-FM algorithm beginswith a balanced
partition asthe initial partition, which is randomly generated.At ead step, a gate
is moved to another partition, resulting in a currently best partition (has a highest

reduction in the cut size,referredas a highestgain. Here, cut sizeis the number of
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links which can be removed to disconnecttwo partitions.) but no violation of the
balanceconstraint. The algorithm iterates this processuntil it reacesto a speci ed
number of iterations or no improvemen can be madeto the partition. K-MAFM
is derived from K-FM, with the di®erencehat the given circuits cortain no cycles,
and they are clusteredusing the maximum fan-out free cone(MFF C) [31] method
before partition.

Meister [44] deweloped a framework called DVSIM for a parallel event-driven
simulator of VLSI designsdescrited in VHDL. Both consenrative and optimistic
(Time Warp) protocolswereimplemerted. This simulator ewlved from the sequen-
tial simulator VSIM deweloped by Levitan [37]. In DVSIM, the four di®eren par-
titioning algorithms were implemerted: round-robin, Kernighan-Lin, K-FM, and
saccer partitioning.  The round-robin partitioning algorithm assignsgatesto the
available processorsin a circular way. In the acyclic partitioning algorithm, the
circuits are represeted as directed graph, and partitioned into subgraphs. Each
subgraphis mapped to one processor. The Kernighan-Lin the K-FM partitioning
algorithms attempt to minimize the number of connectionscut by partitions, thus
to reducethe comnunication costs. Their di®erencebetweenthe two is that the
Kernighan-Lin algorithm exdangespairs of gatesbetweentwo partitions, while the
K-FM algorithm moves a gate from one partition to another. The last algorithm
discussedn the paper is the soccer partitioning algorithm. It starts by regarding
eat LP (gate) asa node in a graph. The node with the maximal distanceto all
other nodesis selectedas the rst node in one block, then nodescloserto it are
addedto this block until the number of nodesin this block exceedsa value (this
value can be calculated by total number of nodes dividing number of partitions).
Then a block is formed, and the nodesin this block are excludedfrom the graph for
later partition. This processis recursiwely carried out until it readesto the number
of partitions. The author provided simulation results obtained using a consenative
protocol on three di®eren sequetial circuits with gates892,15709,and 40685from
the ISCAS89bendimark. The results shaved that there was no speedupat all for
the small circuit. For larger bendhmark circuits, the speedup was about 4 on 12

processors Preliminary results shaved that Time Warp protocol with soccer parti-



12

tioning outperformedthe consenrative protocol, but Time Warp performed poorly
with acyclic partitioning sdheme.

Kim [34] implemerted a parallel logic simulator on MIMD distributed mem-
ory madhines. A new partition algorithm, improved ConcurrencyPreservingParti-
tioning (ICPP), was proposed. It presenescomputation concurrencyby assigning
gatesthat can be ewvaluated at about the sametime to the sameprocessor. The
iICPP algorithm resultsin a balancecomputational load throughout the simulation.
Even-lookaheadTime Warp (ETW) [35],the hybrid integration of event-lo okahead
consenative protocol and the Time Warp optimistic protocol was proposed and
implemerted on an IBM SP2 parallel madine with 10 processors.in the logic sim-
ulation of a digital circuits, a gate may be evaluated many times for one primary
input vector. For examplein Figure 2.1, LP1 sthedulesfour events with di®eren
time-stamp to LP2 during the time of one input vector. Actually, the e®ectsof
evernt el, e2, and e3 are overridden by e4. LP1 can sendonly e4 to acieve the
samee®ect. That is, el,e2,and e3 are not necessary The ETW attempts to look
aheadto future events and if possible,to combine multiple events into onewith the
samee®ectfor the receivinggate. In this example,instead of executingfour everts,
only one event e4 can be executedby LP2. Therefore, this approad speedsup
the simulation. The resultswere comparedto the two commercialVHDL sequetal
simulators: Active VHDL and Quick VHDL simulator. The authors shovedthat the
pure sequetial event-driv en simulator took about 57-69%o0f the simulation time of
the Active VHDL. The ETW simulation took about 34-95%o0f the simulation time
of the pure sequemtial simulation. Theseresults were obtained by simulating four
circuits with sizesof 2416,5597, 7951, and 19253gates. Comparedto the Time
Warp algorithm, the ETW adhieved 20% speedup for a 23843gate circuit s38417
from the ISCAS89bendimark.

Lungearu and Shi [48] deweloped a parallel compiler and simulator of VHDL
designsadieving almostlinear speedup. They proposeda newapproad usingboth
a consenative and an optimistic protocols, which they call the dynamic approad.
In their dynamic protocol, LPs switch from an optimistic to a consenative protocol

if they roll badk too much, and vice-wersaif they block too much. Simulations were
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Figure 2.1: Events scheduled for one input vector
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carried out on an SGI Challengeparallel madcine with 16 processors.The results
showved that the speedupwasabout 11 on a circuit with 14704gatesusing dynamic
approad.

Williams [51] deweloped Icarus Verilog, an open-sourceElectronic DesignAu-
tomation (EDA) sequetial Verilog simulator. Icarus Verilog includes a IVerilog
compiler and a Verilog Virtual Processor(VPP), with the VVP asserbly code, an
intermediate represemation of the original circuits. The IVerilog compiler °attens
the hierarchical structure of modules, generatinga °attened internal netlist. VVP
asserbly code is the default target format generatedfrom the netlist. The VVP
simulator acts asan interpreter of the asserbly code. It rst parsesVVP asserbly
code to achieve netlist of structural items (inputs, outputs or delay values), then
employs the primary input to initialize and drive the simulation.

In [38,39],Li et al designedandimplemerted DVS, an objected-orierted frame-
work for distributed Verilog simulation. The DVS takesthe VVP asserbly code as
input. The VVP parserconstructsthe structural items, represered by functors and
stored in a functor list, which are usedby the distributed simulation engine after
the circuit partitioning. The distributed simulation engineintegratesthe original se-
quertial VVP simulator with the Object-oriented Clustered Time Warp (OOCTW)
simulator basedon the Clustered Time Warp (CTW) [4]. In this algorithm, LPs
are grouped into clusters. A sequetial algorithm is usedwithin ead cluster (that
is, everts are executedsequetially within a cluster). A Time Warp protocol is used
betweenclusters. The authors conductedexperimerts on a network of 8 computers
simulating a 16bit multiplier with 2416gates. The results shoved that the DVS ran

slower than the sequemal Icarus Verilog simulator. According to the authors, it



14

was attributed to the large commnunication cost, the load imbalanceand the small
sizeof the circuits. Large circuits should be simulated by DVS to demonstrateits
scalability.

All these parallel logic simulators simulated circuits of quite modest size of
about seweral thousands gates. The simulator descriked in this thesis has been
deweloped with the explicit goal of simulating large circuits, having millions of gates.



CHAPTER 3
Verilog Simulation

The simulator which we have designedand implemerted consistsof a translator, a
parserand a simulator proper asshown in Figure 3.1.

Verilog SourceFile

Translator

Flattened File

Parser

Y
Simulator

!

Simulation Results

Figure 3.1: The architecture of our simulator

3.1 Translator

Verilog de nes modulesin a hierarchical structure to enhancethe modularity
and encapsulation. Howewer, this structure is ditcult to processby a simulator.
Figure 3.2 showvs a module de nition for the examplein Figure 1.2, and Figure 3.3
shows a hierardhical structure of modules. The goal of the translator is to °atten the
hierarchical modulesinto a netlist without a hierarchical structure, and to gener-
ate/output the source e of the netlist with the °attened structure. It is composed
of the following componerts:

15
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2 Parsing: The translator rst readsin the source le in Verilog format, per-
forming the syntax cheding, semartic cheding and storesead module in lists

of gates,wires, inputs, and outputs.

2 Flattening: During the parsing, ead time there is a module instantiation,
the translator expandsthe instantiation with the original module de nition,

renaming all gatesand wires.

2 Qutputting: Using the information stored for the root module (normally, the

last module processed)the translator outputs the netlist of this module.

module example(a,b, c, f);
input a, b, c;

output f;

wire d, e;

and(.ipl(a), .ip2(b), .op(d));
or(.ip1(d), .ip2(c), .op(e));
inv(.ip(e), .op(f));
endmadule

Figure 3.2: Mo dule de nition of the example in Figurel.2

module t1(...);

endmadule
module t2(...);

endmadule
module top(...);
t1 child1(...);
t2 child2(...);

endmadule

Figure 3.3: Mo dule hierarc hy
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3.2 Parser

The parsermimics the parsing processin the translator, exceptthat its input
‘Te is already in the °attened structure. The parserreadsin the output from the
translator, and then analyzesand storesthe gate structures together with the wire
connectivity information into the simulator memory.

The reasonwhy we useparsingtwice is that after the rst parsing processwe
obtained a Te with °attened structure, which is reusable. Had we usedonly one
parsing phrase,the processwould have beenmore complicated, sinceit would need
to do two jobs-dealwith the hierarchy, and collect the information about gates.
Every time we want to do the simulation, we would needto perform both of these
functions. Usingtwo parsingprocesseso getthesetwo jobs doneseparatelywe only
needto parsethe hierarchical structure once. In this way, we simplify the parsing

processand reducethe simulation time.

3.3 DSIM
DSIM outgrew of the project COST [15]that aimedat designinga componert

oriented discrete event simulation [12{14]. DSIM is a new generation Time Warp
simulator dewveloped to support excient Time Warp simulation on distributed clus-
ters with up to thousandsof processorg19]. DSIM featuresan excient and scalable
GVT (Global Virtual Time) algorithm, referred to as the Time Quantum GVT

(TQ-GVT) algorithm, which doesnot require messageacknowledgmerts, relieson
short messagesvith constart length, and doesnot useany vector.

The key idea of TQ-GVT is to construct two cuts, as in Mattern's GVT
algorithm [42], such that any messagesert beforethe rst cut are guararteed to
be received by the time the secondcut is completed. Howewer, Mattern's GVT
algorithm, or its variants proposedby Mattern and many others ( [20,42,45]), has
to either use multiple roundsto nish the secondcut, or, if it can be done within
one round, incur waiting time on ead processor. In TQ-GVT, the two cuts are
dynamically chosenby the GVT master, a processordewted to running the core
of TQ-GVT. Other processorsare requiredto report GVT-relevant information to

the GVT master periodically accordingto a presetinterval. After collecting these



18

reports, the GVT master then constructsthe rst cut dynamically, by determining
the earliesttime quantum sud that somemessagesert from this time quantum are
still in transit. The secondcut simply consistsof the latest reports received from
ead processor. Thus, the construction of the two cuts always utilizes the latest
information available, without using multiple rounds and without incurring extra
waiting time, resulting in excient computation of accurate GVT estimates. TQ-
GVT wasshawn to be able deliver a cortinuousstream of GVT estimatesewvery 0.1
secondeven on 1,024 processord19]. The aggregatenetwork bandwidth consumed
by TQ-GVT with sud a high update frequencyis still lessthan 1M bytes/second.

In addition to the new GVT algorithm, DSIM usesa modi ed fossil collection
medianism called Local Fossil Collection, in which fossil collection is done sepa-
rately by ead LP individually, right beforean LP attempts to processa new evert.
Although this technique does not decreasethe number of operations, it improves
the locality of memory referencessincethe evert memory releasedn the fossil col-
lection procedurecan be immediately reusedin the processingof the new evert (if
there are new ewerts to be sdeduled).

DSIM also employs an excient evert managemenh system. For ead type of
ewerts, it pre-allocatesa memory bu®er,whosesize can be dynamically increased,
in order to make constart the complexity of evert allocation. To minimize the
memory overhead,the evernt data represeting an unprocessecevernt can sharethe
samememory block with the evert data represeting the correspnding processed
ewvert after the unprocesseckvert is processed.

DSIM has beendemonstratedto simulate a large PHOLD model, consisting
of 67,108,862.Ps and 1,073,741,824&wens, on 1,024 processorsyielding an event
processingrate of 228 million ewvens per secondand a speedupof 296. In another
study, DSIM has beenable to simulate a quarter million spiking neurons,with 50
synaptic connectionsper neuron, yielding an evert processingrate of 351 million

ewverts per secondand a speedupof 379.
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3.4 Building a circuit simulation in DSIM

In our gate-le\el circuit simulation, gates,primary inputs, and clocks are mod-
eledasindividual Logical Processe4LPs). A primary input aswell asa clock can
be consideredas a gate, in which the output replicatesthe input. Primary inputs
to the simulator, arein the form of a list of vector (in hex format, with digits of 0-9
and letters a/A-f/F). Decomppsing a vector into bits can produce individual bits
for ead primary input. Figure 3.4 shavs an exampleof fetching bits from the input

vector.

8 primary inputs a list of input vector

Al0..3] (5,8)
B[O..3] (3,6)
(6,2)
Al0] B[O]
All] — Bl1] —
Al2] B[2] —1 L
Al3] B3]
010100110110 100001100010
5 3 6 8 6 2

A[0]:110 AJ2]:101 B[0]:000 BJ[2]:010

A[1]:011 A[3]:000 B[1]:011 B[3]:100
Figure 3.4: Primary inputs

The simulation starts with the LP that models the primary input. It recur-
sively readsa vector from the input list and decompsesit to get the correspnding
bits as the input to itself (we model it as a gate replicating its input). The time
interval to read the vector is either the time interval of the data supplied, referred
to asthe data interval or is de ned as a parameter of the simulator. The LP that

modelsa clock works similarly to the onethat modelsthe primary input. The clock
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LP inputs a 0 or 1 bit alternatively every clock interval.

LPs that model gatesexecutethe gate behavior and schedule new events ac-
cording to their outputs. An ewent consistsof three items: the identi er of the
LP to which the ewert is sen, the bit (0O or 1) represeting the output of the gate
(LP) sendingthis event, and the index of the port in the receivinggate (that is the
port that is directly connectedwith the gate sendingthe evernt). Eac event is also
timestamped with the simulation time at which the evert should be executed.

At the start of the simulation, an initialization stage activates the primary
input LPs that initialize everts (with the current simulation time) to its subordinate
LPs from the rst input vector in the list. They also schedule everts destinedto
themseheswith a time-stamp equalto the current simulation time plus the input
data interval. The latter ewerts, when executed,will simulate arrival of the next
input vector from the input list.

We use an example to illustrate how the LP modelling one primary input
fetchesinput from the list of input vector, and schedulesewers to subordinate LPs
and itself. Supposethe input data interval is 20, A[2] in Figure 3.4 is modelled
as LP1 (id=1), and LP10 (id=10), LP20 (id=20) are the subordinate LPs with
connectionat the secondand the rst port respectively, which is shavn in Figure
3.5.

Primary input A[2] _l_LPlo—
in Figure 3.4 5
LP1
1
_ |LP20——
2

Figure 3.5: An example of wire connection between gates (LPs)

The input list of LP1 is 101 as shown in Figure 3.4. At the start of the
simulation, LP1 is fed by bit 1 from the rst input. LP1 schedulesewerts (10,
<1,2>, 0) and (20, <1,1>, 0) to LP10 and LP20 respectively. It alsostedulesan
evert (1, <0,1>, 20) to itself to fetch the secondinput. In the future, when the

simulation time is 20, evert (1, <0,1>, 20) will be executed,and new everts will be
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scheduledto LP10 and LP20 becausethe output of LP1 will changefrom 1to 0. In
the mearwhile, a newewert (1, <1,1>, 20) for the third input will be sert to itself.

After the initialization stage,the simulator ernters the simulation loop. In the
body of this loop, rst message$rom other processorsare received, if any and the
received ewvens placedin the future evert queue. If there are stragglers,the roll
badk will occur, otherwisethe rst ewert at the head of the future evert queueis
dequeued. The time-stamp of this evert becomesthe current simulation time and
the event is executed,potentially generatingnewewens that areaddedto the queue.
If the current simulated time reacesthe prede nedtotal simulation time or there
is no more input vector (at the end of the list), the simulation stops. Otherwise, if
the time quantum is readed, the TQ-GVT algorithm is invoked. If this is not the
case,the the simulation loop body is executedagain. The procedureis shavn in

Figure 3.6.

Initialization
(feeding primary inputs)

i

\
Sdedule of everts

Y

Evaluation

Y
Update of LPs

Y

Generation of new evens

Figure 3.6: Pro cedure of the simulation
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3.5 Circuit partitioning

The placemen of circuit elemertis on the processorscan greatly a®ectthe
simulation performance. One goal of partitioning is to balancethe computation
among processorshy assuringBefore we feedthe circuit to the simulator, we need
to do the circuit partitioning to distribute the work to ead processoras equally as
possible.we useatool calledhMeTiS deweloped at the University of Minnesota[32].
hMeTiS is atool for partitioning largehypergraphs,especially thosein circuit design.
The problemis to partition the verticesof a hypergraphinto K roughly equal parts
sud that the hyperedgesconnectingdi®eren parts are minimized. Hyperedgeis
an extension of an edgeby that more than two vertices can be connectedby a
hyperedge. The hypergraph is suc a graph that the edgesare replacedby the
hyperedges. The algorithms usedby hMeTiS are basedon multilevel hypergraph
partitioning descrikedin [27,33]. By usethesealgorithsm, hMeTiS hasthe following
advantages: Provides high quality partitions and It is extremely fast.



CHAPTER 4
Simulation experiments and their results

We usedthe syrthesizednetlist of the Viterbi decaler obtained through the Syn-
opsys[1] designcompiler, which corverts a designsourcecode to a netlist Te. The
simulations were executedon a cluster. Eadh node of this cluster has 2 800-MHz
Intel Pertium 111 processorswith 512 MB memory, connectedby a fast Ethernet.
The Viterbi decaler circuit that we simulated consistsof about 1.2M gates,with 6
primary inputs. The input suppliedin our simulation is a list with 1500/500vectors.
The circuit was previously partitioned using hMeTiS shmetis program for 2, 4, 8,
16, 32 parts.

4.1 Experiments and results

There are three factors a®ectingthe simulation time: the total number of
ewverts committed, the ratio of the inter-processoreverts, and the ratio of rollbacks.
Table 4.1 summarizesthe simulation results of 1500input vectors, and Table 4.2
summarizesthe results of 500input vectors. Each data collectedis the averageof 3

consecutie runs.

Table 4.1: Simulation results for the circuit of 1.2M gates with 1500 input

vectors

Number of | Event pro- | Speed | Run Remote Rollbacks
processors | cessingrate up time(seconds) everts ratio | ratio

3 137,903 1 1318.744 0.22% 0.14%

5 390,457 2.83 469.192 1.43% 0.19%

9 931,614 6.75 197.57 1.86% 0.23%

17 2,131,558 15.46 | 86.55 2.34% 0.24%
33 3,839,373 27.84 | 48.20 4.53% 0.39%

23



Table 4.2: Simulation
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results for the circuit of 1.2M gates with 500 input

vectors

Number of | Evernt pro- | Speed | Run Remote Rollbadks
processors | cessingrate up time(seconds)) ewverts ratio | ratio

3 134,061 1 438.805 0.68% 0.43%

5 377,044 2.81 160.60 2.10% 0.59%

9 849,550 6.34 72.274 5.38% 0.65%

17 1,862,908 13.90 | 33.182 6.40% 0.70%
33 3,033,296 22.63 | 20.504 11.6% 0.79%

Figure 4.1: Simulation speedup (1500 input vector)

Figure 4.2: Simulation speedup (500 input vector)
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4.2 Observation and Analysis

The sequetial simulation of this circuit were not done, becausenone of the
cluster nodeshad memorysuzcient for sud arun. However, in parallel simulations,
the memoryusageis distributed to all of the nodes. Hencea node needdessmemory
than that in sequetial simulation. In DSIM, oneprocessols usedfor GVT master,
sothe resultsshavn in Table4.1and Table4.2 arefor 2, 4, 8, 16, and 32 processors.
Sincethe sequemtial simulation doesnot complete, we calculate the speedupwith
2 processors.From Figure 4.1 and Figure 4.2, we obsene the superlinear speedup
between3 and 5 processors5 and 9 processors9 and 17 processors.Thesespeedups
are attributed to lessmemory neededon a processorbecausemore processorsare
used. whenthe available memoryis enoughfor the neededmemory on a processor,
there is no superlinear speedupbetween17 and 33 processors.The speedupbetween
17 processorsand 33 processorss 1.80for 1500input vector, and 1.63for 500input
vectors. Howewer the speedupbetween3 processorsand 33 processorss as high as
27.84,and 22.63for 1500and 500input vectorsrespectively. Hence,by increasing3
processorduy the factor of 11, we speedup the computation by the factor of 27 (or
22), a clear sign of a superlinear speedupresulting from improved memory system
performance.

The remote ewvert ratios are lessthan 5% in Table 4.1, and lessthan 12%in
Table 4.2. The rollback ratio is lessthan 0.4%and 0.8%in Table4.1and Table 4.2
respectively. The more remote everts, the higher possibility of rollbacks, thus the
longersimulation times. From the results, we could infer that the good performance

was attributed to the lower remote ewverts ration and rollbacks ratio.



CHAPTER 5
Conclusions and future work

5.1 Conclusions

A parallel logic simulator of a million-gate VLSI circuit hasbeenproposedand
implemerted usingthe newsimulation enginecalledDSIM. The circuit experimerted
is large, with 1.2 Million gates, and the simulation speedis high. Results shov
that this simulator is capableof exciently simulating the large circuit with a high
speedup. Superlinear speedupis achieved for up to 17 processors.The ratio of speed

between3 processorsand 33 processorss about 28.

5.2 Future work

A good partitioning algorithms is certral to the succesf distributed circuit
simulation, aswitnessedby our own (and others) experimerts. Table 5.1 shaws the
partitioning times of the circuit we used. The partition time increasesa lot when
we needmore parts. Also, Iterative excdhangealgorithms suc as hMeTiS, usedin
our experimerts, or Clip [23], while e®ectiw, can becomecostly as circuits increase
in size. Henceheuristicsto decreaseheir executiontime or the useof dynamic load
balancing [4] provide important veruesfor the cortinued researt.

Asynchronouschip simulation is alsoa very interestingtopic. As CMOSis con-
tinuously scalingdown and the chip is becomingmore and more complex, sticking
to the corventional syndhronousdesignmethodology (the computation and comnu-
nication within the circuit systemsare cortrolled by a commonclock) becomesnore
and more problematic. As an alternative, asyndronous designmethodology (com-
putation and comnunication are realized by local handshaking) shonvs somegreat
promise. Howewer, one big problem of using asyndironouscircuits is lack of design
automation tool including the testing and veri cation. Asynchronous simulation
could be a good extensionof the current simulator.

A summary of this thesis has been published at the Proceedingsof MAS-
COTO5 [36].
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Table 5.1: Partitioning

times using hMeTiS (shmetis)

Number of partitions

2

4

8

16

32

Partitioning time(seconds)

232.656

470.236

614.662

783.870

977.857
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