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delay and fault conditions (i.e., fault simulation). A simu-
lator should be fast and accurate so a design can be com-
pleted quickly without any design errors. Undetected
design errors and manufacturing defects in a VLSI chip
are costly, and seriously affect the quality of the manufac-
tured product.

A simulator is used iteratively to detect design
errors that are corrected by the designer and then
resimulated. Many iterations are often needed before a
design is committed to layout. Software simulators imple-
mented on general-purpose computers often are too slow
to simulate large circuit designs. A single iteration may
take as much as 20 to 30 hours of central processor unit
(cpu) time. Supercomputers could reduce this time but
tend to be expensive; using them for simulation adds to
product development costs.

To circumvent the problems of inefficient simula-
tors, special-purpose computers known as simulation
accelerators were developed. These capture the entire
simulation algorithm in hardware made for this purpose,
and can speed up design simulation by as much as 100
times. Commercial accelerators have focused mainly on
logic simulation.?

The MARS?~4 hardware accelerator was devel-
oped to address the need for a programmable machine
for logic simulation. The need for programmability arose
because of past experience with commercial accelerators
that needed major hardware changes even for minor
algorithmic enhancements and bug fixes. The present
architecture was conceived with a focus on programma-
bility {via a programmable processor, called the process-
ing element (PE)], and system-level reconfigurability
(i.e., message-passing PEs and fully connected crossbhar
network). The PE also contains special circuitry to access
and manipulate tables of different widths and operate on
bit-fields within the same word. This feature was pro-
vided with emphasis on logic simulation where most of
the data structures used are lists and tables. The con-
currency provided at the PE level also enables several
operations to be performed in one clock cycle.



The high degree of flexibility at the processor
level and at MARS's interconnect level enables the applica-
tion developer to execute a variety of algorithms. How-
ever, these are limited to applications using only integer
arithmetic. OQur experience suggests that algorithms
needing repetitive manipulations—e.g., searches through
common data structures such as lists, tables, trees, and
stacks—and that operate with varied data widths, are
ideally suited for MARS.

The remainder of this paper first describes MARS
architecture, then elaborates on the logic simulation
application, emphasizing algorithm and data partitioning.
Logic simulation performance measurements taken from
an operating MARS system show the degree of accelera-
tion achieved.

Architecture

The MARS system consists of a cluster of 15 PEs
interconnected with a fully connected crossbar switch. A
MARS PE is a 16-bit microprogrammed processor with
special features for message passing, list and table mani-
pulation, and bit field operations. Each PE has its own
local memory. Communication between PEs is performed
entirely by message passing. The crossbar switch can be
reconfigured each clock cycle. A host processor that can
access each PE's memory communicates with the proces-
sors via interrupts.

Figure 1 shows the architecture of a MARS clus-
ter, a ten-layer VME (Versa Module European) printed
circuit board that plugs into a host workstation. Total
memory in the cluster is 9 megabytes (Mbytes), unevenly
distributed among the 15 PEs. This distribution was driven
by the logic simulation application for supporting up to
64K logic gates. The local message switch is a 16 x 16
crossbar connecting the 15 PEs and the global communi-
cations network. The switch is 16 bits wide, and is
dynamically configured. At each clock cycle, each input
channel selects an output channel for the next clock
cycle. An arbiter in the switch resolves conflicts and
prevents messages from being interleaved.

Local message switch (16 x 16 crossbar)

L [}

Host/housekeeper

Figure 1. Cluster level architecture of MARS showing links
between host/housekeeper, RAMs and PEO through PE14,
and the local message switch.

Each PE acts as one pipeline stage of the accel-
erated algorithm. For example, the logic simulation algo-
rithm is partitioned into stages that do event scheduling,
event cancellation, oscillation detection, signal fanout,
function evaluation, delay computation, and so on. PEs
communicate with each other via the local message
switch. A local memory is associated with each PE. The
size of this memory is 64K-words x 16 bits per word on
most PEs. Some PEs have larger memories to support
pipeline stages with larger storage requirements. PEs
have 24-bit addresses allowing them to access up to 16
million words of local memory.

The housekeeping processor is a M68020 in the
SUN-3™ Workstation and a SPARC™ processor in the SUN-
4s Workstation™, (SUN Workstation [independent of
model] is a trademark of Sun Microsystems, Inc.; SPARC
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is a trademark of SPARC International.) The processor
loads circuits and input/output (I/0) vectors, and han-
dles exceptional circumstances. It can access the local
memory of each PE in the cluster. :

Processing Element Architecture. The MARS PE is a
16-bit microprogrammable processor specialized to act
as a pipeline stage for solving application problems. The
PE consists of a 64-word x 64-bit microprogram ramdom
access memory (RAM), an external (i.e., data) RAM inter-
face, a register array of 24 registers, an address arith-
metic unit (AAU), a field operation unit (FOU), and two 4-
word message queues (input and output).

Message Passing. 10 operate as a pipeline stage,
the PE must receive data from preceding stages and send
it to following stages. Because some algorithms require
that a datum’s destination depends on its value, the pipe-
line cannot be statically configured. To meet these
requirements, the PEs provide a dynamically configur-
able communication mechanism that passes data
efficiently between PEs, and synchronizes PE execution
with the arrival of data.

Data transport is performed by mapping the
message queues into the register file. The PE can send or
receive a message simply by writing or reading a regis-
ter. The destination PE is selected by writing a PE number
to R14 (the destination register). Once a destination is
selected, writing to R31 transmits a message word. Read-
ing from R31 receives a message word. An interlock is
provided to prevent interleaving of multiword messages
sent to the same destination.

Synchronization is performed via stalls or inter-
rupts. If a write is attempted with the output queue full,
or if a read is attempted with the input queue empty, the
processor will stall until it can complete the operation.
Alternatively, a PE can execute a background task and
arrange to be interrupted (via a trap mechanism) when
the output queue is no longer full, or when the input is
no longer empty.

The combination of register-mapped message
passing with synchronization using stalls and interrupts
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provides MARS with low-overhead communication. A syn-
chronized message may be sent in a single clock cycle.
By comparison, conventional message-passing multicom-
puters take several cycles to send a message. Because
they lack hardware support for communication and syn-
chronization, the necessary operations use costly system
calls that may take hundreds of machine cycles. The
hardware support for message passing on MARS allows
problems to be decomposed into much smaller units
(single pipeline stages) than is possible on conventional
multicomputers. This fine-grained decomposition
exposes more of the parallelism inherent in the underly-
ing problem structure.

Table and Bit Field Operations. Many of the simula-
tion algorithms that motivated the development of MARS
were dominated by table and list references, and by access
to packed bit-field data structures. Table references are
performed on tables of different widths. In a logic simula-
tor, for example, the table holding the input values of each
gate is eight bits wide. Each record in this table contains
four 2-bit fields. Each encodes one of the four possible
logic values (0, 1, X, Z). The table holding the truth table
of each gate type is two bits wide. Each record contains a
single logic state. The address manipulation and bit-field
extraction required to access these narrow tables on a
conventional processors is time-consuming.

MARS efficiently accesses tables of varying
widths (in powers of 2) by performing an in-hardware
address shift and bit-field extraction or insertion on every
memory reference. With this access hardware, a 64K x
16 memory can be accessed in aspect ratios varying from
1M x 1 to 64X x 16. Writes to external memory in units
of less than 16-bits (1, 2, 4 or 8 bits) do a read-modify-
write operation, and require two clock cycles.

Many simulation algorithms require operations
on packed bit fields. Packing and unpacking these fields
on conventional machines is time-consuming. MARS uses
a special function unit, the FOU, to do bit field operations
without unpacking the data. The FOU extracts bit fields
from its two source operands, operates on these bit
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fields, and inserts the result into a bit field of its A oper-
and. The extract, operate, and insert are all performed in
one cycle.

Crosshbar Switch. The PEs within a cluster are con-
nected by a 16-input x 16-output x 16-bit crossbar switch
constructed from 10 16 x 16 x 2 crossbar chipset. Eight
chips—with each chip 2-bit sliced—are responsible for
16-bit data transmission. The other two provide parity
and flow control functions. The same implementation is
used by all 10 chips.

A source PE requests connection to a destination
PE by putting the destination address on the address
lines of its column. Connection is established if the desti-
nation is free; otherwise the request is blocked. If more

than one PE tries to connect to the same destination, the
one with the higher priority gets connected, and the oth-
ers are blocked. Once made, a connection is maintained
until the PE requests a new destination, or does not
assert the HOLD signal and there was no data transfer in
the previous cycle.

There is no storage in the cross-points. Flow
control is performed with handshake lines. When the
acknowledge/normal (ACK/NORM) mode line of the chip
is high, the reverse lines are enabled. These lines are
used to acknowledge receipt of data, or to signal that the
input buffer at the destination is temporarily full. The
source can monitor these signals and control the flow of
data appropriately.
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Cluster Board. Figure 2 shows a photograph of a
MARS cluster board. The cluster is packaged on a triple-
height VME board and operates as a plug-in to a SUN-3
Workstation. The cluster contains 10 crossbar chips (in
the center of the board), 15 PE chips (immediately sur-
rounding the crossbars), local memory, and a bus inter-
face. Each PE has at least 64K 16-bit words of memory
constructed from off-the-shelf 64K x 4 50ns (nano-
seconds) static RAM chips. To support pipeline stages
with varying memory requirements, the total memory
on the board is distributed as: four PEs with 64K words,
six PEs with 256K words, four PEs with 512K words, and
one with 758K words. This distribution was guided by
the logic simulation application of 64K logic gates.

In this system the SUN-3’s 68020 (or the SUN4’s
SPARC) processor serves as both the housekeeper and
the host. The VME bus interface permits the SUN’s proces-
sor to send and receive messages to and from the PEs, to
read and write each PE’s memories, to set a single bit into
each PE, and to monitor a single bit from each PE. An
interrupt control circuit permits the SUN to be interrupted
by the PEs. A statistics counter is also provided to count
the clock cycles elapsed or the messages sent by any PE
to aid in measuring performance.

Logic Simulation on MARS

For logic simulation, the circuit to be simulated
is modeled as an interconnection of logic or boolean
gates.® This model corresponds to a circuit graph where
the nodes are logic gates with edges representing their
interconnections. The nodes may have delays that repre-
sent signal propagation delays through logic gates and
interconnections. A logic simulator computes the logic
values at every node (i.e., the output of a logic gate) for a
given set of inputs as a function of time. A multiple-delay
simulator permits arbitrary delays to be assigned to the
gates in the circuit. By contrast, a unit-delay simulator
assumes every gate in the circuit has one unit of delay.

A family of logic simulators, ranging from a sim-
ple unit-delay to a multiple-delay logic simulator for
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sophisticated timing analyses, is implemented on MARS.%
The evolution of these simulators was motivated by the
need to progressively enhance accuracy and perfor-
mance. In this paper, we shall show the concept of bind-
ing an application to the architecture of MARS using as an
example the basic multiple-delay logic simulator.

The simulation algorithm is in well-defined parti-
tions. The partitioning is performed according to two cri-
teria: load balancing and data access. Load balancing is
attempted by assessing how many machine cycles are
needed to execute each partition of the algorithm. Because
there is no shared memory in the MARS accelerator, the
partitioning must also be performed so the data struc-
tures needed by each pipeline stage reside in the stage’s
local memory. Finally, the partitions are allocated to pro-
cessing elements that form the logic simulation pipeline.

The logic simulator on the MARS hardware sup-
ports simulation of logic gates up to 64K. Each gate can
have up to four inputs, and any of the four logic values:
0(00), 1(01), X(10), and U(11). X is the unknown state
and U is the unconnected state. The U state represents
the absence of connectivity to any of the four inputs of a
primitive. It is also interpreted as the high-impedance
state while simulating logic modeled for pass transistors
and buses.

A block diagram of the logic simulator parti-
tioned for implementation on MARS is shown in Figure 3.
It consists of three pipelines: fanout update and evalua-
tion, event-logging, and functional memory. Each block
in the figure corresponds to a PE that is microcoded to
perform the specified function. The data needed by each
stage is either in the local memory or is passed from
other PEs. The microprograms set the destination PE
addresses and direct the crossbar switch to select the
successor stage in the pipeline. PEs that need to com-
municate to a common PE use the channel hold facility
provided in the PE, and crossbar chips to communicate
without message sequencing problems.

The block-marked housekeeper represents a
SUN Workstation. The housekeeper manages the



Fanout update and evaluation pipeline
Signal Oscillation Fanout a
schgguler »| detector Om{%ulf) log »| pointers > Fa“?F'i'_t} list
(SS) (0D) (FP)
¥ 3 [}
\
= Housekeeper
ey | nputtabie || Gatetype || Truthtable | | Delaytable [ | qetemer
(M) (m (@) m (o) s

Memory evaluation pipeline

27

Memory Memory block Physical
—=| controller »| descriptor =—| memory =
(MC) (MBD) (PM)
Event-logging pipeline
Event Input Signal
detector »| vector list »| scheduler
(ED) (IVL) (SS)
[}
]
Housekeeper
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pipelines.
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simulation and interacts with some of the pipeline stages.
At the start of the simulation, the housekeeper loads the
microprogram and data memories of the individual PEs.
The microcode describes the simulation algorithm, while
the data represent the partitioned data structure of the
circuit under simulation. The data structure consists of
fanout pointers, fanout list, delay table, truth tables that
correspond to the various logic primitives, and the input
table. The housekeeper specifies how many simulation
time steps must be carried out, to the signal scheduler
(sS) and the input vector period to the output log (OL)
stages of the pipeline. During simulation, the house-
keeper responds to interrupts from the PEs that show a
full output buffer, an oscillating signal, or the end of
simulation (i.e., empty input buffer).

When all events for the current timestep have
been processed, a pair of all-zero messages are passed
down the pipeline by the signal scheduler. PEs whose
microprograms are timestep-dependent use this informa-
tion to branch to routines that process time-dependent
data. For example, the input vector list (IVL) PE will deter-
mine if the next vector must be scheduled, and so on. (In
the following discussion the terms gate and signal will be
used interchangeably to denote both a gate and the sig-
nal driven by its output.)

Fanout Update and Evaluation Pipeline. The simu-
lation starts when the SS PE sends the constant signals
0 and 1 down the pipeline to update the fanouts. These
events trigger the IVL to schedule the first input vectors.
Input vectors are represented as signal number and
value messages. The signal scheduler sends all sched-
uled events down the pipeline. Each event is filtered,
logged, and used to update gate inputs. Gates with
changing inputs are scheduled for evaluation. The
multiple-delay scheduler data structure consists of a 4K
circular queue, called a time wheel, containing pointers
to linked lists of events. Each slot of the time wheel
corresponds to a timestep, and identifies the event list
for that timestep. Each event record consists of a 16-bit
gate number, and a 16-bit pointer to the next event
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scheduled for that timestep. A current timestep pointer
identifies the slot in the time wheel corresponding to the
the current timestep. Unused event records are linked
together in a free list. In addition, the SS maintains a 2-bit
wide table containing the most recent signal values.

The ss first advances time to the first non-empty
event list in the time wheel. If any zero-delay events have
been scheduled for the current timestep, time is not
advanced, because the current event list is not empty.
After advancing time, the current time is sent to the oscil-
lation detector (OD) and the IVL. Following the time mes-
sage, each event in the current event list is transmitted to
the oD. Once the list has been transmitted, the entire list
is added to the free list by adjusting two pointers; two zero
messages are sent down the pipeline to signal the end of
the current timestep. A seven-clock cycle loop empties the
link list for each time slot into the message stream.

The simulation pipeline in Figure 3 is slightly
different from a single-phase simulator (see Figure 3 in
Agrawal, Tutundjian, and Dally”). We have partitioned
the single pipeline shown there into two pipelines: fanout
update and evaluation pipeline, and an event-logging pipe-
line. This prevents inadvertent event cancellations that
would occur if two related events—e.g., gates A and B
with A feeding B—were scheduled at the same timestep
in the signal scheduler. When A is removed from the link
list and a resulting new event B arrives before the original
event B is transmitted to the pipeline, the original event
will be overwritten, thereby cancelling the legitimate
event. This may produce erroneous results. The arrange-
ment of processors in Figure 3 was found to be more
efficient than a straightforward implementation of a two-
phase simulator that separates the fanout update and
evaluation phases (see Figure 2 in Reference 7). How-
ever, it does incur some performance penalty (about 20
percent) over the pure single phase implementation
while producing correct simulation results.

The purpose of the OD stage is to detect zero-delay
oscillations. The OD maintains, in a 16-bit wide table, a
count of how many times each signal has changed



state during the current timestep and interrupts the house-
keeper to signal an oscillation when any count exceeds a
preset value (currently 15). Each entry in the table con-
tains a 12-bit time field, a 2-bit value field and a 2-bit
unused field. The OD passes all messages on to the OL.

Transitions on monitored signals are recorded
by the OL. The OL consists of a 64K-bit bit vector indicat-
ing which signals are being watched, and two buffer
areas used to log signal transitions. Double buffering
allows output data to be read by the housekeeper while
the simulation is running. This feature of decoupling
memory accesses by the housekeeper adds considerably
to the performance of the simulator. For each timestep
the buffers contain a 1-word time stamp followed by a
zero-terminated list of transition records. Each transition
record contains the 16-bit signal number and its new 2-bit
value. The OL receives the input vector period from the
housekeeper. This is used to set up strobing windows
relative to the end of the input vector period. The OL
passes all messages on to the fanout list (FL).

The circuit topology is represented by the
pointer list (FP) and FL data structures. For each signal
the FL contains a zero-terminated list of fanouts. Each
fanout is represented by a 16-bit gate number and 2-bit
pin number. The entries in FP correspond to pointers that
show the beginning of the fanout list for each signal.

A scheduled signal’s fanout is determined in two
steps. For each event message (i.e., signal number and
value) received by the FP, the signal number is used as
an index to retrieve a pointer into the fanout list. A mes-
sage containing this pointer and the signal’s value is
passed to the FL. The FL uses the pointer to locate the
fanout list for the signal. For each entry in the list a mes-
sage is sent to the memory detector (MD) containing
gate number, input number, and signal value.

The MD PE maintains a 16-bit table used to decide
whether the event just received from the FL stage is a
logic gate event or a functionally modeled memory gate
event. RAMs and ROMs in the circuit being simulated are
modeled functionally rather than at the detailed gate

level. A compiler® generates appropriate models for
each memory block and blends them with the gate level
models corresponding to the rest of the circuit. Memory
events are directed down the pipeline consisting of three
stages: UD (unknown address detector), MBD (memory
block descriptor) and PM (physical memory). Logic
gates are evaluated using the pipeline formed by three
other stages.

Each logic gate’s behavior is represented by the
data structures in the gate type (GT), truth table (TT), and
delay table (DT) units. MARS simulators support a max-
imum of 256 logic primitives (e.g, AND, NAND, transmis-
sion gate). For each gate, its primitive type (8 bits) is
held in the gate type table. Shifted left eight bits, this
type is a pointer to the beginning of a 256-input combina-
tion by 2-bit truth table. To accommodate each of the 256
gate primitives with 4-inputs, the exhaustive truth table
contains 32 words per primitive, or a total of 8K 16-bit
words. For each gate, rise and fall delays that are 8 bits 29
each are held in the delay unit table.

The input table (IT) maintains the current value
of each gate’s inputs. For each gate, four 2-bit input value
fields are maintained. After circuit compilation, the input
table is initialized to show if a particular gate input is
used (set to X) or unused (set to U). For each (gate num-
ber, input number, signal value) message received, the IT
updates the appropriate entry in the table. For this pur-
pose, the IT PE access the table as if it is a 2-bit wide table
and writes the new 2-bit value. After updating all four
input values (8bits) of the gate are sent to the GT stage in
preparation for gate evaluation.

Using this structure, evaluating a gate is a three
step process. For each (signal number, value) message
received the GT appends the gate’s type to the message
and forwards it to the TT unit. Using the gate type and
input values, the TT performs a table lookup to calculate
the gate’s output value. The TT unit passes a (signal num-
ber, value) message. The DT receives this message and
looks up the appropriate delay for the signal. Generally,
the DT entries consist of rise and fall delay values (eight
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bits each). The DT looks up the proper rise or fall delay
depending on the new value of the signal. The MARS
multiple-delay simulator uses rise and fall delays
obtained by device characterization and a capacitive
analysis of the circuit simulated.® Each of the rise and
fall delays is an 8-bit integer that permits one 16-bit word
to represent both delays for each gate. A (signal number,
value, delay) message is forwarded to the event detector
(ED) stage. The DT for a unit-delay simulator can be
simplified as the delays will be either 0 or 1.

The ED works in two modes: event detection and
event transmission. During the fanout update and evalua-
tion phase, the ED filters evaluations, logging only those
events that change the value of a signal. The data struc-
ture of the ED PE is a 16 bit-wide table. The event-logging
auxiliary pipeline stages are described next. On receiving
a pair of consecutive all-zero messages from the signal
scheduler, the ED switches to the event-logging mode.

Event-Logging Pipeline. The event logging pipeline
contains three PEs: ED, IVL, and SS. The ED PE sends the
events that were collected during fanout update and
evaluation phase to the IVL. When all events are transmit-
ted it sends out an all-zero message to the IVL.

The IVL inserts into the message stream addi-
tional events representing primary input signal changes
at the appropriate time. Its data structure is similar to an
OL buffer. It consists of a series of time frames. Each
time frame contains a time stamp indicating the next
time when an input vector needs to be scheduled, fol-
lowed by a zero-terminated list of transition records.
Each record specifies the primary 16-bit input gate num-
ber followed by a 2-bit value field. The IVL simply passes
the (signal number, value, [current time + delay]) mes-
sages to the SS until a zero message is received. The IVL
then inserts any input events for the current timestep
into the message stream.

During the event-logging phase, the SS receives
(signal number, value, delay) messages corresponding to
evaluated gates that generated new events. The event list
for the appropriate time slot is identified by adding delay
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to the current timestep pointer mod 4096. The signal
number is then entered into an event record removed
from the head of the free list. This record is then linked
onto the appropriate event list. When two consecutive
zero messages are received, the Ss switches to the fanout
update and evaluation phase.

The SS uses only seven clock cycles for process-
ing a received event. These cycles include receiving the
event message [2 message words: gate number (16-bits),
value (2-bits) and event time (12-bits)}, inserting it into
the link list at the appropriate time slot, and adjusting the
free list pointers. There is also implicit event cancellation
of spurious events during this loop because the SS pro-
cesses the events in the link list in last-in-first-out (LIFO)
order. The link list contains only the gate numbers of
scheduled events; values are stored separately in a 2-bit
width table. By overwriting the value field only the latest
events become valid.

Memory Evaluation Pipeline. Details of the functional
memory pipeline composed of three PEs is discussed in
Agrawal, Moturu, and Tutundjian,!® and will not be re-
peated here. These stages make extensive use of the PES’
variable width table and bit field manipulation features.

Logic Simulation Performance. The MARS logic sim-
ulator is now in use in AT&T Bell Laboratories, AT&T’s
Microelectronic Centers, and some AT&T original equip-
ment manufacturer (OEM) customer premises. More
than 200 vLsI chips of varying complexity have been suc-
cessfully simulated. For performance comparisons, a set
of 10 typical standard cell designs are chosen. These cir-
cuits are simulated using the production version of the
software simulator, MOTIS!! [metal oxide semiconductor
(M0s) Timing Simulator] as well as the multiple-delay
simulator implemented in MARS. GSIM, a version of the
MOTIS simulator, was used in this comparative study. The
production version of the MARS simulator is known as
AGSIM (Accelerated GSIM).

The data structure corresponding to each circuit
to be simulated is generated with a preprocessor, MCC
(MARS Circuit Compiler),? that uses the same input and



Table 1. Characteristics of vLSI Circuits Simulated

Circuit Total No. of No. of_Logic No. of No. of Size of )
Transistors  Transistors Gates Vectors Memory (Bits)
CKT1 198,306 53,154 23,921 4,821 24192
CKT2 171,394 45,442 17,862 1,107 29,992
CKT3 456,579 14,211 14,348 24,816 73,728
CKT4 196,454 151,718 56,076 22,242 22,242
CKT5 37,190 37,190 18,826 65,660 0
CKT6 225,156 3,972 1,597 3,588 36,864
CKT7 215,932 19,324 9,253 2,551 32,768
CKT8 7,905 7,905 3,446 1,117 0
CKT9 154,480 101,296 45,654 3,990 8,864
CKT10 34,521 34,521 17,101 19432 0

connectivity descriptions used by the GSIM simulator.
This makes AGSIM transparent to the designer accus-
tomed to working with GSIM. MCC extracts the logic
descriptions suitable for MARS from the transistor-level
data structures generated for GSIM. The logic descrip-
tions are the various tables required by the different
stages of the logic simulation pipeline described earlier.
The test circuits simulated ranged in complexity
from less than 8K transistors to more than 450K transis-
tors. But transistor count is a poor indicator of the simu-
lation needs of the circuit. That is because large memory
circuits can be simulated effectively with high-level mem-
ory primitives that need little overhead for both compila-
tion and simulation. A more telling indicator of simulation
needs is the number of random logic gates. (Gates are
defined for this purpose as the number of 4 input logic
gates needed to represent the circuit, in addition to high
level memory description.) The number of gates for the

test circuits ranged from 1.5K to 56K. Table I gives the
characteristics of 10 production VLSI circuits from
Allentown-Cedar Crest simulated on AGSIM. It lists, for
each circuit, total transistor count (many transistors con-
tribute to random logic); size of on-chip memory (in
bits); and the number of vectors used in the simulations.
How many vectors are simulated is not as impor-
tant as the amount of activity the vectors generated. We
define circuit activity as the ratio of the total events vec-
tors. Circuit activity was monitored by counting how
many events were produced during simulation. A serial
logic simulator’s performance is determined by the cir-
cuit activity and I/O time consumed in activities such as
processing the monitored signals and vector injection.
These two quantities will thus determine the simulation
complexity. Our experience showed that the amount of
speedup obtained with the MARS accelerator depends
only on the circuit activity. The latter is true because the
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Table Il. Measured Simulation Complexity and Performance

Circuit Total. l?vents Ave. Activity Time in Seconds Speedup
(Millions) (Events/vector) AGSIM(elapsed) GSIM(CPU)
CKT1 62.8 13026 460 71,131 155
CKT2 4.16 3758 65 3433 53
CKT3 176.5 7112 1,141 134,195 118
CKT4 551.8 24808 4,111 497,881 121
CKT5 1443 2197 901 144,411 160
CKT®6 1.18 329 115 1,100 9
CKT7 1.66 650 212 12,041 57
CKT8 0.34 304 68 353 5
CKT9 39.6 9924 281 32,162 114
CKT10 192.1 9886 1,134 191,503 169

OL stage of the simulation pipeline in Figure 3 is
designed so the main simulation activities of event
update and evaluation are undisturbed because of moni-
toring and printing the signals selected. Double buffering
the OL stage’s memory allows the housekeeper proces-
sor to empty one buffer while computation proceeds by
a buffer switch. This incurs the least I/O penalty.
Without this feature, the simulator must frequently fill
and empty the buffers if many gates have to be moni-
tored continuously. A larger circuit activity tends to
keep the simulation pipeline full, thereby increasing the
performance.

Table II shows—for each of our 10 benchmark
circuits—the measured simulation times for both GSIM
and AGSIM, and the circuit activity in events per vector.
The times measured from AGSIM are the elapsed times;
this is the only time measurement facility available on
the system. Also shown in the table are the the CPU
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times on a SUN-3/260 for GSIM. GSIM simulation of the
same circuits on a SUN-4/260 were faster on the average
by a factor of two over SUN-3/260. However, there was no
significant improvement for AGSIM when the MARS board
used a SUN-4/260 as plug-in platform. The SUN Work-
stations were configured as standalone machines with
greater than minimum memory configurations. Our meas-
urements on the hardware show an average performance
improvement of about 100 times over MOTIS GSIM. Max-
imum speedup is achieved by circuits with a large
activity and many events simulated. The increased
speedup for higher activity circuits producing many
events results from keeping the pipeline busy compared
to the cycles lost because of pipeline latency and other
I/O-related overheads. For less active circuits, the over-
heads mentioned above become the dominant factor pul-
ling the performance down. The small performance
increase in these cases merely represents the ratio of the



overheads for GSIM and AGSIM. AGSIM with a carefully
designed hardware pipeline incurs a smaller overhead.
Circuits CKT1, CKT3, CKT4 CKT5 CKT9 and CKT10
generate many events with a higher activity per vector
period. All other circuits generate fewer events, typically
less than 5 million. Circuits CKT2 and CKT10, in spite of
simulating almost as many logic gates, produce vastly
differing speedups. This is because of the larger number
of events produced by CKT10 (192 million) compared to
4 million produced by CKT2. The worst performance is
obtained for CKT8 with the least number of events pro-
cessed. These circuits, CKT6 and CKT7, have low
activity per vector. CKT2 with a larger activity per vector
also exhibits poor performance. This may be because of
an uneven distribution of activity during simulation
resulting in bursts of high activity periods separated by
periods of low or no activity.

It is important to remember we are comparing
elapsed time of MARS with the CPU time on SUN-3/260 for
GSIM. Hence, the speedup figures quoted are underes-
timated. We cannot measure the gain in performance of
the simulator on a pipelined architecture with many PEs
compared to the entire simulator on a single PE. Indivi-
dual PEs program and data memory spaces are not large
enough to accommodate the entire simulator.

The three pipelines were carefully designed to
minimize the idle time of each PE resulting in high pro-
cessor utilization. The time taken for processing all
events in a time step is large compared to the pipeline
latency: for logic simulation, this is 60 cycles. In our
simulation pipeline an event takes an average of eight
cycles to process. In this computation, we assume an
average fanout of two per gate. Also, the event-logging
and vector injection take about four clock cycles. The
critical part of the fanout update and evaluation pipeline
is from the FL to the ED stages (see Figure 3). Every one
of the stages in this pipeline is designed to complete pro-
cessing of an incoming event in four cycles. All other
stages not in this critical subpipeline require four to
seven cycles. Thus our decomposition of the logic

simulation algorithm results in an even load among the
processors. The subpipeline parallel to the logic evalua-
tion is used for memory evaluation. Although a memory
related event is costlier to process than a logic-related
event, the former is less frequent.®

A system of simulators that range from the
multiple-delay logic simulator to a mixed-mode simulator
that includes standard cell logic, behavior (user specified
C-blocks), functional memory described in FPDL (Func-
tional Primitive Description Language) and standard cell
C-models, is being developed. Including behavioral
modeling in MARS without hardware change or additional
hardware demonstrates the power of programmability of
the accelerator. This contrasts with other simulation
accelerators that need additional hardware.2

Fault Simulation

Fault simulation®1® has been a challenge to MARS
mainly because of the limited memory (9 Mbytes) avail-
able on a MARS cluster board. This forced us to experi-
ment with a spectrum of fault simulators ranging from
the simplest, slowest, and least memory-intensive serial
fault simulator, to the fastest, most complicated, and
memory-intensive concurrent fault simulator.!* The con-
current fault simulation algorithm is the most efficient of
all currently known fault simulation techniques. Here
n + 1 simulations proceed concurrently, where # is the
total faults being simulated. In addition to the » fault simu-
lations, the fault-free simulation proceeds concurrently.
The simulator maintains the status of the fault-free as
well as faulty circuits. However, details corresponding to
a faulty circuit are maintained only if the faulty circuit’s
behavior differs from the fault-free circuit’s. This enables
the simulator to process many faults at the same time.
Even then, the memory needed for maintaining this
information is prohibitive for large circuits.

Due to the limited memory in the MARS system,
we devised a multiple pass concurrent fault simulation
algorithm. The number of faults processed per pass is
precomputed, and fixed size fault lists are set up so these
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faults will be simulated regardless of how many fault
effects they produce. Thus, the need for dynamic
memory management found in conventional concurrent
fault simulators is avoided. Multiple passes will process
the entire fault list. Experiments on large circuits show
that a single fault simulation pass using MARS is about
two orders of magnitude faster than the software MOTIS
fault simulator running on a SUN-3/260, for the same
number of faults. Fault simulation uses the same set of
data structures as a logic simulator to represent the cir-
cuit topology, and to process good and faulty circuit-
related events. Fault lists are maintained as singly linked
lists at every gate in the circuit. Depending on circuit
activity, this list must be updated at each timestep: this is
the predominant performance bottleneck in any fault
simulator. By implementing the concurrent fault simula-
tion algorithm on MARS, we have shown the strength of
our architecture for supporting a complex application.
Details of algorithms, data structures, and performance
results for this and a serial fault simulator implemented
on MARS, can be found in Agrawal, Agrawal, et al.1°

Conclusion

We have built a programmable accelerator, MARS,
that achieves performance comparable to special pur-
pose simulation engines, while providing the flexibility of
a programmable machine. Problems well-suited to this
architecture have a high degree of functional parallelism.
In particular, these include applications requiring exten-
sive manipulation of tables of different widths, singly and
doubly-linked lists, and LIFO and FIFO (first-in-first-out)
queues. This is the main reason for the efficient imple-
mentation of logic simulation on MARS. Furthermore, the
concurrent fault simulation algorithm involves an effi-
cient fault list search algorithm. Other applications pro-
grammed on MARS recognize preprocessed speech using
a beam search technique, 1 switch-level simulation,” and
a maximum flow computation problem. The main reason
for successfully implementing such vastly different appli-
cations on MARS is in recognizing that the underlying
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algorithms in each of these is related to manipulation of
graph-based data structures. Indeed, logic simulation
also belongs to this class of graph-based algorithms.

In the restricted single-cluster implementation,
MARS may not be most efficient for muitiprocessing an
algorithm where simultaneous processing of different
data sets is required. This is because the 64-word pro-
gram RAM severely limits the complexity of each PE’s
microprogram. This limitation also affects building com-
plex pipelined algorithms when each pipeline stage
needs to use more than 64 microwords of program
memory. The present MARS system is clocked at 5SMHz
(megahertz). Higher clock rate will proportionately
improve the performance.

An area for further research is developing pro-
gramming tools for heavily pipelined architectures like
MARS. The applications cited in this paper were pro-
grammed using a microassembler. Separate micropro-
grams were written for each pipeline stage. Recently a
PE-level optimizing compiler, that permits translation
from C to a microprogram, has been implemented.1” A
high-level programming environment with efficient and
automatic pipelining is being implemented.
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