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Abstract
Multiprocessors are widely used today as a way to achieve high performance using commodity microprocessors. Since different applications place different demands on the system, performance evaluation in the design phase of such systems is important. The most
common method is the use of simulators.
This thesis presents a simulator of a multiprocessor for throughput-oriented applications, using a distribution-driven simulation method. With this method hardware, and to
some extent software, parameters can be studied. A case study is performed, focusing on
performance issues for various characteristics of a multiprocessor implementation of a
telecom server that today is a uniprocessor.
The results show that the key bottlenecks for this particular system lies in parallelisation of the software, which is written with a uniprocessor environment in mind. Also, providing sufficient bus bandwidth is an important factor. Other issues investigated, such as
scheduling techniques, three different architectural choices, and degree of memory interleaving, is found to have a smaller impact on performance.
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1 Introduction
The use of multiprocessors as an approach for boosting performance has become increasingly popular.
Today, shared memory multiprocessors using general-purpose microprocessors are available from all of
the major computer vendors. The performance of such a system is, to a significant degree, dependent on
the design of the memory system. It is important to realize, though, that the application plays an important
role; the resource usage varies between different classes of applications. This fact should be taken into
account when designing the system. There is no “one true way” that always results in optimal performance. Therefore, it is important to make a thorough evaluation of the memory system requirements
before building a multiprocessor. The preferred method for performance evaluation today is the use of simulators, since they are more flexible and cost-efficient than building prototypes, and more accurate than
other known methods.
The focus of this work is performance evaluation of throughput-oriented systems. Here, a throughputoriented system is defined as a system where each program is executed on its own processor in a multiprocessor system; the throughput of the system as a whole is measured as the sum of the throughput of each of
the processors. The workload of interest is transaction processing, which is used in an important group of
applications, such as database management systems and telecom servers.
In addition to the impact of hardware characteristics, performance is affected by the parallelism one
can extract from existing software. Most software today is not written explicitly to run on a multiprocessor.
Therefore, multiprocessors are typically built so that the parallel processing is completely transparent to
the application programs. With this in mind, both scheduling of transactions onto the processors, and data
dependencies in the software that impose restrictions on the execution should be taken into account in
order to get useful results from simulations.
Multiprocessor design for throughput-oriented systems has previously been investigated by Chiang
and Sohi [4] using an analytical method based on mean value analysis. However, their method is not useful
if software related issues, such as scheduling, are to be included in the study. In addition, the method is
request-oriented and therefore not suitable for bottleneck analysis; it is not obvious from the results where
the delays are incurred. The method presented here address these issues.
The most flexible and accurate simulation method, and one that is becoming increasingly popular, is
program-driven simulation. However, for some applications, such as telecom applications, the complexity
of the system, as well as the difficulty involved in determining typical application scenarios, makes it difficult to develop program-driven simulators. In order to gain an understanding of the factors involved in
building a multiprocessor system, it can be useful to build a less complex simulator that does not require
complete instruction-level simulation and a real workload, but is still sufficiently detailed to include important hardware and software related issues.
This thesis presents a simulator using distribution-driven workload based on information on a program
function level, including which functions are executed and their execution times, for a number of transactions. With this data, it is possible to obtain a measure on throughput for the system. The simulator also
facilitates investigation of some software scheduling and execution schemes. Cache misses, coherency
traffic, write back traffic, and cache affinity effects, as well as bus contention, queuing delays and memory
latencies are taken into account by the simulator. For this, additional data on footprint and read/write frequencies for the software is needed. A case study evaluating performance issues when converting a telecom system to a multiprocessor is performed. For the case study, the function level data has been captured
from a real telecom server.
The results show that the parallelisation of the software is important for the performance when increasing the number of processors. The difference between the worst of the two schemes examined in this report
and a “best case” is 24% for an 8 processor system. Furthermore, it is important to make sure bus bandwidth is sufficient, or else performance drops of quickly.
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The rest of this report is organized as follows: Section 2 provides background information on methodology as well as both the system used in the case study and the target system. Next, Section 3 describes the
design of the simulator, including its input and output, and Section 4 shows simulation results from the
case study. Finally, conclusions are drawn in Section 5.
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2 Background
This section will give some background that explains design decisions, and introduce some concepts
necessary to understand the rest of the report. Section 2.1 describes different methodologies used to evaluate the performance of architectural decisions, 2.2 describes the program system under examination, and
2.3 the target architecture that will be the focus of the simulations. Finally, Section 2.4 discusses how to
measure performance.

2.1 Overview of Performance Evaluation Methodologies
There are three possible approaches for performance evaluation of computer architectures: simulation,
building analytical models, or prototype construction. Prototype construction is time-consuming and
expensive, and therefore something that is generally avoided until a late stage of product development. For
broader architectural studies, other methods are preferred. This section discusses the merits and problems
with different simulation techniques and analytical models.
Analytical methods have been explored primarily because of their speed. For example, several methods based on mean value analysis have been developed [4] [9] [14]. Analytical methods are indeed very
fast, but usually less accurate than simulation, and does not allow for the possibility of trying different software scheduling and execution schemes.
The simulation methodologies can be classified into three groups according to how the workload is
simulated. Program-driven simulators use real programs as their workload, either as unmodified binaries or
in a format specific to the simulator. Trace-driven simulators use traces of input events, such as memory
references, captured on an existing system, but do not execute any code by itself. Distribution-driven workloads make use of random variables of, for instance, memory references, locality, and program behavior.
Typically, the stochastic parameters are based on statistics from a reference system.
A simulator with program-driven load mimics the target system closely. Real application programs are
executed on top of the simulator. The advantage is flexibility in target system models and accurate results
for the applications used in the simulations.
A common type of program-driven simulator is the instruction-set simulator, which executes every
instruction in the workload exactly as the target machine would. This approach can be extended to cover
the entire execution environment, which includes all devices an application expects to find, such as CPU,
MMU, and SCSI devices. This makes it possible to run an entire operating system on top of the simulator,
and include OS activity in the evaluations, as well as run unmodified programs. The inclusion of OS or
system software activity is important, as it can have a significant impact [3]. This approach is used in [2]
[10] [11]. A weakness is that such a simulator tend to be computationally expensive, and even if efficient
instruction-set simulators exist today, it is not always practical to construct one. The construction of such a
simulator is often extremely complicated, due to the need to recreate the entire execution environment.
This is especially true for complex program systems including system software.
A particular type of simulator using program-driven workload is an execution-driven simulator.
Instead of emulating the instruction set as the instruction-set simulation approach does, the code is executed on a real processor. The execution is interrupted at predefined interaction points (such as access to
shared data or message passing, this depends on the target architecture), where the simulator takes over.
Thus, the computations are executed on a real processor, while the memory system is simulated. The
advantage of this approach is speed, but it is considerably less flexible than instruction-level simulators.
For instance, the simulator can only be used on a system with the same instruction set as the target system,
which can be problematic, especially when evaluating a future system where the target instruction set has
not been implemented in hardware yet. The execution-driven approach has been used in [5].
A simulator with trace-driven workload use memory reference traces generated by programs running
on an existing system as input to the simulator. This works well as long as the target system is fairly similar
to the system the traces were captured from. Using traces from a uniprocessor on a multiprocessor system
simulation is more difficult as, for example, execution order will be different on the target system. Common methods for trace-driven simulation on uniprocessors are summarized in a survey by Uhlig and
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Mudge [12]. Different methods for multiprocessor trace generation have been proposed [7] [1], but are
generally considered less accurate than program-driven methods.
A distribution-driven workload is based on statistics on system behavior. Simulation is fast, and it is
easy to tweak system parameters in order to see what would happen in various application scenarios. The
difficulty lies in obtaining accurate parameters, and include in the model how these parameters interact.
The primary advantage of distribution-driven and analytical models is that no code execution is performed, and thus the complexity of correctly modeling an instruction-set, and all devices needed to create
the execution environment necessary to run real programs, is avoided. The latter is a very demanding and
time-consuming task, and the more hardware-devices and special-purpose chips there are, the more complex the simulator gets. A simulator using the simpler techniques can be built with less effort for use in a
first round of architectural evaluations.
In this work, a distribution-driven method will be presented.

2.2 Description of the Modeled System
The system under examination in the case study is the processor server of a telecom system. The
throughput in this system is measured in transactions, or requests for service, generated by an external
source. The requests vary in number and type depending on the users (i.e. all the users of the public telephone system). Therefore, the load of the system is non-deterministic and can vary over time within wide
bounds. A transaction is triggered by a message from the external source and is considered to be completed
when all execution spawned by the request is completed.
The messages originating from outside the system are queued by the scheduling processor (SP) until
they can be dispatched to the execution processor (EP). A transaction typically requires a number of program functions to be executed. Some of the functions will generate message transfers within the system,
and these messages are also handled by the SP (see Figure 1).
Execution
processor
(EP)

Messages

Scheduling
processor
(SP)

Requests from
external sources

Memory
requests
Memory
Figure 1. The target system receives messages through the scheduling processor.
The programs are executed in the execution processor.

The transactions can be divided into one or more uninterrupted sequences of program functions. Such
a sequence will be called transaction subtask. A subtask is initiated by a message from the SP to the EP.
The messages generated by functions within a subtask might give rise to new subtasks (see Figure 2).
This system currently exists as a uniprocessor1. The objective of this study is to find performance bottlenecks of the system in a multiprocessor configuration. To that end, different hardware architectures as
well as different software execution schemes will be evaluated using a custom-built simulator.

2.2.1 Parallelism
The software that runs on this system is designed for use on a uniprocessor. If unmodified code from
the uniprocessor is to be used on a new multiprocessor, it is important to preserve the original programming model, so that old code, even if it is badly written, under no circumstances can produce different
results on the new system when compared to the old. Three different execution schemes will be included in
1

At least it is a uniprocessor with respect to code execution, which only takes place in the EP. The SP acts as a coprocessor, serving the EP with
new work.
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Message
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Message

Message
B
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Transaction subtasks
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K

Transaction
completed
Time

Figure 2. The relationship between transactions, transaction subtasks, functions, and messages. Note
that the messages are passed from the EP to the SP, and the next subtask is not run until it is
scheduled by the SP. The functions can be used repeatedly within the same subtask; they are also not
specific to a subtask. The same function can be used in different subtasks and transactions.

the study, each based on different assumption of the programming model. The schemes that use mutual
exclusion mechanisms (A and B) both assume that function allocation is done in run-time, as every new
function is encountered. The purpose of this evaluation is to see how much parallelism is lost for scenarios
that deviate from the ideal model. The schemes are:
•

Ideal execution scheme: Any function can be executed at any time on any EP. There
are no obstacles limiting parallelism.

•

Execution scheme A: The simultaneous execution of the same function on two processors is disallowed; this situation can occur since some functions are used frequently,
and in many types of transactions and subtasks. This scheme is necessary if functions
use variables of which there exists only one instance (i.e. there is not a separate copy
of the variable for every invocation of the function). This could lead to data inconsistency problems since the two processors might overwrite each others data at any time.
A solution to the problem is to treat every function as a critical region, and enforce
mutual exclusion.

•

Execution scheme B: In addition to the mutual exclusion described in A, we add the
assumption that functions rely on exclusive access to its variables during an entire
transaction subtask, since a function may be visited several times during the subtask.
Therefore, once a function is locked (made exclusive for an EP), it is not released until
the end of the current subtask. However, this scheme is deadlock-prone, which is illustrated in Figure 3.
Since deadlocks can occur in Execution scheme B, a mechanism to deal with deadlocks is necessary.
Deadlocks can occur in a system where four criteria are fulfilled: resources can not be shared (mutual
exclusion), a resource can not be revoked after is has been locked (no resource preemption), it is possible
to hold a resource while waiting for another, and finally that it is possible for a cyclic request pattern to
emerge. There are three possible strategies to deal with the deadlock problem. Which one to choose is a
matter of performance and implementation feasibility. The first approach is deadlock prevention, or to
make sure deadlocks can not occur by voiding one of the criteria stated above. The second is avoidance, or
some way to dynamically make sure that the system will not enter an unsafe state (a state in which deadlock can occur) before granting lock on a resource. The third method is deadlock detection, which relies on
software to detect a deadlock after it happened followed by some way to resolve the deadlock [13].
The scheme investigated in this study will be based on deadlock detection. If there are only two processors, as in Figure 3, deadlock detection is fairly simple, we only need to detect if the two processors are
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Time

EP 1

EP 2

Lock on ’A’

Function A

Function C

Lock on ’C’

Lock on ’B’

Function B

Function D

Lock on ’D’

Waiting for lock on ’C’

Function C

Function A

Waiting for lock on ’A’

Deadlock (circular wait)
Figure 3. EP1 and EP2 executes different subtasks, possibly belonging to different transactions,
but using the same functions. In this case, EP1 have locks on functions A and B, while EP2 have
locks on C and D. Neither EP will release its locks until the subtask is completed. However, EP1 is
waiting to get a lock on function C, held by EP2, and EP2 is waiting on function A, locked by
EP1. Unless this circular wait is detected and resolved, both EPs will be stalled forever.

waiting for each other. As illustrated in Figure 4, however, the situation is more difficult with additional
processors. In Figure 4D, a loop is formed, locking processors 1-3 in circular wait. EP 4 is also deadlocked, even if it is not in the loop. The deadlock detection mechanism must be able to find such circular
wait loops with an arbitrary number of processors involved.
Deadlocks will be resolved by rollback, i.e. by restarting one of the subtasks causing the deadlock. The
victim’s resources will be released as a part of the rollback, one of the resources will be grabbed by a waiting processor instead, and the deadlock is resolved. A rollback must also undo all changes that has been
made by the partially executed task. The youngest task (having been the shortest time in the system)
should be the victim chosen for rollback operations, in order to prevent that one of the tasks suffer from
starvation. Starvation could occur if the same task is always restarted, since that might lead to a situation
where a task is never allowed to finish. If the youngest task is always chosen, we can guarantee that this is
not the case, because a task cannot remain the youngest task forever.

2.2.2 Load Distribution
As mentioned, transactions are queued by the SP and dispatched to the EP when they are first in the
queue and the EP is free. In a multiprocessor system, however, scheduling is not as straightforward as in
the uniprocessor. To get good performance, the work must be evenly distributed so that all the EPs are utilized as much as possible. Therefore, it becomes necessary to find a good load balancing algorithm that
both utilizes the available EPs efficiently, and results in correct execution.
A couple of different scheduling methods will be investigated. The ideal scheduling case is that any
subtask can be scheduled to any EP without restrictions, this method will be called “lazy scheduling”.
However, since subtasks can send new messages to the EP at any time, and assuming that all messages in a
transaction must have the same order in a multiprocessor system as in the uniprocessor system (since the
messages between subtasks in a transaction can contain data there is again a possible data consistency
problem), the implication is that two subtasks that belong to the same transaction must be executed
sequentially. That is, a subtask cannot begin to execute before the previous subtask in the same transaction
has already finished, otherwise messages could end up in the wrong order (see Figure 5). To solve this
problem, one must enforce a scheduling scheme that makes it impossible to execute two subtasks from the
same transaction at the same time. However, we still assume that subtasks from different transactions can
be executed in any order. Two ways to achieve this will be examined:
•

Transaction scheduling method: Scheduling of all subtasks in a transaction onto the
same EP, which will automatically result in the correct sequential behavior.
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EP 1
Running

EP 2
Running

EP 1
Waiting

EP 2
Running

EP 3
Waiting

EP 4
Running

EP 3
Waiting

EP 4
Running

(A)

(B)

EP 1
Waiting

EP 2
Running

EP 1
Waiting

EP 2
Waiting

EP 3
Waiting

EP 4
Waiting

EP 3
Waiting

EP 4
Waiting
(D)

(C)

Figure 4. A common wait situation (A) grows (B and C) as more processors need some
common resource. Finally, in D, a circular wait loop is formed and the system is
deadlocked.

Central SP method: One central SP handles scheduling for all EPs and detect conflicts. When a conflict is detected, scheduling of the subtask is bypassed in the queue
until the conflict is resolved (i.e. the previous subtask in the transaction has finished).
EP 1
Subtask 1

Time

EP 2
Message

Message

Subtask 2

•

Figure 5. If a message from subtask 2 is sent before the message in
subtask 1, there might be a data consistency problem affecting
subsequent tasks in the same transaction.

2.3 Target Architecture
The target architecture is a multiprocessor. Each processor is connected to the shared bus via its local
two-level cache. Shared memory and I/O units (which in this case are the external sources that initiate
transactions) can also be connected to the bus. These types of computers are called shared memory multiprocessors, since all processors can access the same memory. The most common variant of shared-memory
multiprocessors use the uniform memory access model, which means that all processors have equal access
time to all the memory. Other shared memory architectures are the non-uniform memory model, and the
cache only memory model. There are several textbooks describing multiprocessors in more detail, see for
instance [6] and [8].
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The remainder of this section describes the different units in more detail. Four possible multiprocessor
mappings of the modeled system are shown in Figure 6.

EP

SP

SP

Cache

EP

Main
Memory

Cache

EP

SP

SP

Cache

EP

Main
Memory

Cache
SP

EP

Main
Memory

Cache
Main
Memory

(A)

Memory

EP
Cache

(B)

EP
Cache

SP

SP
Memory

EP
Cache

SP

EP
Cache

Memory

EP
Cache

SP

EP
Cache

(C)

Main
Memory

(D)

Figure 6. (A) Both EPs and SPs are connected to the shared bus. The main memory is shared, and the
number of processors and memory modules is variable. (B) The EPs and SPs are connected directly to one
another, like in the uniprocessor system. (C) Each EP has its own local memory. (D) All EPs share a
common SP.

2.3.1 Cache Memory
Each processor has a local two-level cache hierarchy (assumed to consist of a level one on-chip cache
and a larger level two off-chip cache). The caches are of write-back type. With a write-back cache, modified data is only written back to memory when it does no longer fit in the cache, as opposed to a writeupdate cache which writes back modified data immediately. The advantage of write-back caches is that bus
traffic is usually lower, which is especially important when using a shared bus. Therefore, write-back
caches are the most common type in shared bus systems. The disadvantage, compared to the write-update
protocol, is that access times to shared data can be longer, because data is only updated when it is accessed,
never in advance.
In a multiprocessor, the same data may reside in multiple local caches, as well as in main memory.
This gives rise to a data consistency problem. There must be a way to ensure that separate caches cannot
8

contain the same datum but with different values. In order to keep data consistent, a write-invalidate (W-I)
snoopy cache coherency protocol will be used. There are several variations of the W-I protocol (for a
detailed description of cache coherency protocols, see [6]). The most simple of the W-I protocols, the
three-state MSI (Modified-Shared-Invalidated) protocol, will be used in this study. Under the MSI protocol, every cache block can be in one of the following three states:
•

Modified, means that the local copy of the data has been modified. It also means that
none of the other caches has a copy of this data. This data can be modified again without any additional action.

•

Shared, means that the data is present in at least one other cache. A write to this data
must be preceded by an invalidation message, so that the other caches containing the
same data can invalidate it. The data can be updated upon confirmation that the other
caches have invalidated it (this can be considered to have happened as soon as the
invalidation message is placed on the bus in a system with a snoopy cache protocol).

•

Invalid, is data that is no longer up to date. If this data is to be used again, it must first
be re-read from main memory (data can also be supplied by another cache if a more
recent copy exists there).
The events that give rise to state transitions are summarized in Figure 7.
Bus Read Exclusive
Bus Data Exclusive
Bus Invalidate

Bus Read
Bus Data
Bus Snoop
Modified

Shared

Invalid

Processor Requests
Processor Write
Bus Invalidate

Processor Read
Bus Read

Processor Write
Bus Read Exclusive
Figure 7. Basic MSI protocol. The requests (above the arrows) are received by the
cache controller, and a response (below the arrows) issued by the controller. In the
upper part of the figure the requests are received from the bus snooping unit, in the
lower part of the figure requests origin from the processor.

2.3.2 Shared Bus
A split-transaction bus scheme with separate address/command bus and data bus can serve two
requests at the same time, and allows for more efficient utilization of the bus compared to the classical circuit-switched bus. For instance, a memory read request is split into a request phase, which occupies the
address bus during the time it takes the master to send the address to the memory, and a reply phase, which
occupies the data bus for the time it takes to transmit the data back to the master. A circuit switched bus
would be locked up during the memory lookup, but the split-transaction bus can serve other requests in the
meantime. In addition, a fixed number of requests is allowed outstanding at any point in time, allowing
buffers to be added, minimizing memory and processor idle times. This mechanism relies on a system
where every request gets a tag number. The maximum number of outstanding requests depend on the number of bits in the tag. For example, a system with 4-bit tags can handle 16 outstanding requests. All bus
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controllers also need to have a request table that keeps track of the outstanding requests (see Figure 8) in
order to resolve some special conditions that can arise in split-transaction bus schemes (see [6] for a
detailed description of the split-transaction bus).
The bus requests should be served in first-come-first-served order.

From Cache

To Cache

Request
Table
Bus Logic
Data bus
Address + command bus
Figure 8. Split transaction bus, the bus logic includes a request table
used to keep track of outstanding requests.

2.3.3 Main Memory
The latency and degree of interleaving are the two important variables for the main memory. Multiprocessor systems typically use interleaved memory modules, with buffers for incoming and outgoing
requests, in order to increase memory throughput.

2.4 Metrics
Our main concern when evaluating performance is the overall throughput of the system, or how many
transactions per unit of time the system can process. From this, the speedup of a multiprocessor over a uniprocessor system can be obtained. The total execution time of a transaction is also of interest. In addition to
this, detailed information about processor, bus, memory usage, and queueing times is of importance when
trying to identify performance bottlenecks. For instance, long queueing times in the memory system would
reveal that memory bandwidth is a bottleneck and degrades the system performance.
We are also interested in how the execution schemes described in Section 2.2 affect performance.
Therefore, stall times and time lost because of deadlocks will be measured. This will give a measure of the
parallelism in the software. Similar performance issues for load balancing will also be studied by comparing throughput for the different policies.
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3 Simulator Design
This section describes how the simulator is constructed. Section 3.1 is an overview and describes the
input and inner workings of the simulator, 3.2 explains how the processing units are modeled, 3.3 deals
with the memory system, 3.4 with the concept of simulated time, and finally Section 3.5 is about the statistics that are gathered during the simulation, and how they are used.

3.1 Overview of the Simulator
The simulator is built as a number of modules modeling the cache, main memory, interconnection bus,
and processing units. A central control unit initiates the model for each simulation run, and acts as a synchronizer during the run (see Figure 9). Each module, once initialized, is self-contained. For every cycle in
the simulation, it is enough to tell the module to advance one cycle, and it will know what to do.
The simulator “executes” program code as delays, no actual code execution is performed. Memory references are generated randomly, based on statistical data of read and write instruction frequencies, during
the “execution”. This way, memory accesses, cache effects, queueing, and contention can be included in
the simulation.
The program was written from scratch. The implementation language is C++, except for the parser
which is written in C, with most of the code generated using the GNU parser generator tools bison and
flex. The simulator has been successfully compiled and run under Solaris/SPARC, and Linux/x86.

3.1.1 Input
The input to the simulator consists of information from the target software system, and a number of
parameters specifying the target architecture that is to be examined.
The information available from the target software system is files containing information captured
from a real system. These data files include the functions that were executed during each subtask in a transaction, execution order, the messages sent by these functions, and the execution time for each subtask. The
execution times, and the average execution time per instruction from the same system, is used to compute
an approximate instruction count for each function.
The data files are parsed, and the extracted information used to build up data structures (i.e. lists) for
each transaction. Whenever a new transaction is to be injected into the system by the control unit, one is
randomly chosen from the set of available transactions. The processors also use this information to fetch
the next function and message information.
Statistical information from cache simulations on a program-driven uniprocessor simulator is the other
kind of information from the existing system. This includes the frequency of read and write instructions,
average footprint size of the subtasks, and the fraction of the footprint that is instructions and data.
Finally, the parameters that specifies the simulation scenario include number of processors, which execution scheme and scheduling policy to use, cache sizes and cache block size, architecture model (see Figure 6), memory interleaving and latency, and size of queues. See Appendix A for a complete list of
simulator parameters.

3.1.2 Internal Communication
All communication between modules are carried out using a request data structure. A request can be
any kind of memory/bus transaction, such as a read, a write, or an invalidation. The request data structure
contains information about the kind of request, data size, originating transaction number etc. These structures are used for passing information between modules, for queueing of requests, and for run-time statistics gathering.
In addition to the requests, each module have functions used to query and in some cases modify its status. These functions are used to implement the execution schemes and load balancing, and would in a real
system need to be replaced by some monitoring software.
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Data file parser

Global resources
(transaction and statistical data)

Control Unit

EP

Cache (L1)
Bus

Cache (L2)

SP
Arbitration

Shared Memory

Figure 9. Block diagram of the simulator. Note that there can be any number of EP/
Cache, SP, and memory units connected to the bus.

3.2 Processing Units
There are two types of processing units, an execution processor (EP) and a scheduling processor (SP).
The scheduling processors mainly work as a queue of messages. The messages are distributed among
the SPs somewhat differently depending on the load distribution scheme (see Section 2.2.2). In the base
architecture, messages are always sent to the SP with the shortest queue of messages, the SP then schedules its message to an EP (always the same one) in FIFO order. The solution to schedule all subtasks to the
same EP (transaction scheduling method) is implemented using the architecture depicted in Figure 6B. In
this case, a new transaction is scheduled to the SP-EP pair with the lowest load. All new messages produced within this transaction are always sent to the same SP. Finally, the technique with one central SP, see
Figure 6D, is somewhat different, since it is not always the case that the oldest message in the FIFO queue
is scheduled first. Instead, the SP makes sure that no subtask from the same transaction is still executing
before a message can be dispatched. If another subtask in the transaction is still being processed, the SP
tries to bypass the message and dispatch the next message in the FIFO queue. In addition, with this
approach one SP is queuing and dispatching messages for all the EPs.
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The EP “executes” the functions in the subtask triggered by a message. During execution, memory
requests are generated according to read and write operation frequency. The number of cycles between
memory requests for the EPs is assumed to be uniformly distributed. In real applications, memory references often arrive in “blocks”, but this behavior is hard to model, so the simplified assumption of uniform
distribution has been made. The EPs keep a history of executed functions as long as it is in the same subtask. When the subtask is finished, the history list is cleared and statistics updated.
The support for the execution schemes can be summarized as follows:
•

The ideal scheme needs no special support.

•

Execution scheme A is supported by, at the beginning of every new function, poll the
other EPs asking for the name of the currently executing functions. If any EP is
already using the function, execution is simply suspended until it has finished.

•

Execution scheme B is similar to A with the exception that the history lists of the
other EPs are searched for the function name, not just the current functions.
As explained in Section 2.2, execution scheme B might end up in a deadlock situation. The history
lists are used to implement a deadlock detection mechanism. Each time a processor requests a lock on a
function and is made to wait, the processor that currently has the lock is probed, if this processor is also
waiting to obtain a lock, the processor that has that lock is probed, and so on. A circular wait is detected if
the same EP is visited twice during this procedure. If this happens, the subtask that was started most
recently is forced to release all its locks and restart. Figure 10 illustrates the detection mechanism.
Probing
EP2
EP1

Probing
EP3
EP2

Waiting for EP2

Waiting for EP2

EP3

Waiting for EP3

Probing
EP2
EP1

OK!
Working

Probing
EP3
EP2

EP3

Waiting for EP3

Waiting for EP1

Waiting for original
requestor, deadlock
situation!

Figure 10. The situation in the upper part of the figure is bad for performance, but will not result in
a deadlock. In the figure below, however, a deadlock is detected and must be resolved using rollback
on one of the EPs.

Deadlocks are resolved by “magic rollback”, which means it is assumed that rollback is possible, but it
will not add any time penalty in the simulations, since the length of such a time penalty would be pure
speculation anyway. In the simulator, rollback simply means that the subtask is restarted, and all the locks
held by the processor are released.
It should be noted that since load distribution, execution scheme, and deadlock detection mechanisms
are handled by an “omnipotent monitor” in the simulator, they do not affect the execution of the transactions. In a real system, all of these mechanisms would need some additional processing and likely affect
the execution time of the transactions, depending on how they are implemented.
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3.3 Memory System
3.3.1 Shared Bus
The split-transaction bus in the simulator is implemented similarly to its corresponding hardware bus.
Each transaction is given a tag when put upon the bus, and a table of outstanding requests is maintained.
The difference is that the simulator keeps a central request table, while real hardware use a distributed list,
one for each bus controller.
If the bus is occupied, or the maximum number of tags is already reached, the request will not be
granted bus access. Instead, it will be added to the “arbitration list”. The arbitration list is simply a FIFO
used to make sure requests are served in a first-come-first-served order.
When a request enters the bus, the number of cycles required for transport is computed. For memory
requests, the data transfer size is always the cache line size, but it may vary for messages. An address bus
request always takes the same amount of time. After the request has completed, the next request in the
arbitration queue is serviced.
The bus also contains functions for load balancing used when many SPs are connected to the bus. Messages are redirected to the SP with the lowest load (i.e. the shortest message queue). This function should
be handled by system software on a real machine.

3.3.2 Main Memory
The memory system serves requests from the input buffer on a first-come-first-served basis. The sizes
of the input and output buffers are variable, as is the memory latency.
The degree of interleaving is adjustable (where the number of modules is 2n, n>0). Since no data
regarding locality or distribution of data across modules is available, it is assumed that memory references
are uniformly spread out across the modules. This is not entirely true, since there is always some amount
of locality in every application, but it is the best we can do at this time. Intuitively, this approximation
should work better the more EPs that are used, since memory request from different functions will then be
mixed.
The memory requests from the EPs are only addressed to “unknown memory module”, and the specific
memory module is not picked out until the request appears on the bus.

3.3.3 Cache Memory
The cache organization described in Section 2.3.1 can give rise to a number of cache events. First, the
events that can successfully be served by the cache with no bus traffic are read hits or write hits to data in
modified state. We can classify these as one of Level one (L1) cache hit or L2 hit, where the L2 cache has
a larger latency than the L1 cache. In addition, there are three cases which will result in bus activity:
•

Read-miss or write-miss, the data requested by the processor is not in the cache. A
memory read request must be issued to the shared bus.

•

Invalidation, a write to data in shared state will have to be accompanied by an invalidation broadcast over the shared bus, so that all other copies of the cache line are in
state invalid.

•

Writeback, there are no unused cache lines. If a cache line in a modified state is to be
reused, the old contents must first be written back to main memory.
Since no information about addresses exists, the cache behavior has to be approximated in some way.
To do this, the footprint2 of instructions and data has been measured for a large number of tasks. The average footprint size, and the function length, have then been used to assign approximate footprint sizes to all
program functions. The cache is then implemented as a FIFO queue. Whenever a new function is run, a
2

The footprint in this context is the number of different cache blocks accessed during the execution of the function.
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new entry in the queue is created. During execution, it will be “filled” as new data and instructions are
requested. In this case fill means that the number of cache blocks in shared, modified and invalid states are
counted. Instead of using addresses to know when to read a new cacheline, issue invalidations etc. everything is randomized with probabilities calculated from the information in these cache entries. This way,
several important properties of the cache can be accounted for.
•

Writeback. When the cache is full, and a cache block must be cleared, there is a
chance that the victim block is modified and must be written back to memory before it
is reused. A block from the oldest entry in the cache queue is chosen. The probability
of a write back is the fraction of modified blocks in the chosen entry. If the entry
becomes empty after a block is removed, the entry is also removed.

•

Cache affinity. There might be data left in the cache from a previous execution when a
function is run. This can be detected since the function name is attached to each entry
in the cache FIFO. If old blocks are found, they are pooled with the now ones when
used in the calculations described above, that is, blocks that are still in the cache from
an earlier invocation of the function can be used again without a new read.

•

Invalidations. The frequency of invalidations can be approximated by using information about the contents of all other caches in the system, looking for a matching function name. If one is found, the probability that it contains the same data is dependent
on the amount of shared data in each cache, relative to the amount of data belonging to
the function.
As an alternative, the simulator supports the use of fixed probabilities. The information required is L1
and L2 hit rates, the frequency of write back, and the frequency of invalidation actions. What you loose
with this simplified approach is any kind of measure of cache affinity and warm-up for every new function,
and how write backs and invalidations vary with different numbers of processors. This approach has not
been used in the case study.
Figure 11 shows how cache events are related.

Memory write request

Memory read request
L1 Cache

L1 Cache

Hit

Miss

Hit

Miss

INV/Write

L2 Cache
Hit

L2 Cache
Read

Hit

Read

Miss

Read miss

Write

WB/read

Write

INV/Write

Miss

Write miss

WB/write

Figure 11. Flowchart for identifying cache events. (WB - Write Back, INV invalidation message) On a read or write miss, the memory request must use the shared
bus. WB and INV events also use the bus.

3.4 System Time
The control unit of the simulator keeps the central “clock” and explicitly tells each unit to advance
time by one cycle. This way, it is also possible to run the processors and bus at different clock speeds,
which is the common case in modern systems. Each module does, however, keep track of its own activities
and knows what to do next.
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3.5 Performance Metrics
The simulator collects statistics during run-time, this gives us information about different aspects of
the system performance.
The EP time is split up according to its state. After a simulation run, the fraction of time spent in each
state is presented:
•

Work - or computation time, is the time spent executing instructions.

•

Wait - or stall time, is when the EP is waiting for a memory request. This time is further subdivided in the specific request types; data read, data write, instruction read and
handling messages from the SP.

•

Idle - the time during which no process was scheduled on the EP.

• Blocked - time spent waiting to get a lock on a critical region.
In addition, some tests have been performed on code that might end up in deadlock. In these cases, one
of the processes are restarted in order to solve the deadlock situation. The simulator also sums “wasted
time”. Wasted time is time spent executing on a subtask which is restarted as part of a rollback, and thus
the results of the execution are never used. The number of deadlocks that occurred are also counted. As
mentioned, rollback is assumed to have no cost, which is not realistic. However, by looking at the number
of deadlocks, one can at least get a feeling for how big an impact this problem can be expected to have.
For the data bus and address bus, idle time and working time are accounted for to measure bus utilization. In addition, queueing time3 is given as a fraction of working time, giving a measure of how much
queueing affects the total transfer time. For instance, if queuing time exceeds 1.0, the average request
spends more time waiting for the bus than using the bus. The working time is subdivided in time spent on
each type of request; read, write, invalidate, write back, and time spent transferring messages between the
EPs and SPs.
The utilization of the main memory is measured in the same way, with working, idle, and queueing
times for each memory module.
Lastly, there are some overall performance figures (total for all processors measured as the averages
during the entire simulation time):
•

Throughput (transactions/s) and (transaction subtasks/s)

•

Average transaction working time (ns) and average subtask working time (ns).

3.6 Model Validation and Model Accuracy
The best way to validate that the model is correct would be to tune in the parameters as close as possible to an existing system and compare simulated values against values measured on that system. However,
the time and resources has not allowed a detailed analysis of the correctness of the simulator. In addition,
there are no existing multiprocessor systems to compare with, so the only candidate would be a uniprocessor, which is quite different than the simulated system. Therefore, the validation in this study is restricted
to “sanity checks” of the statistics and results produced.
The method used simplifies real-world use by not executing any real code. Memory references are randomly generated, using a uniform distribution, based on measured frequency of reads and writes. This
approximation decreases the accuracy of the simulator. Another limitation is the fact that the application is
assumed to be the only software to run on the system. In real life, other software, such as an operating system, interpreter, and transaction scheduler would also compete for computation time.
Because of these limitations of the distribution-driven approach, and the lack of any accurate verification, the performance measurements should not be interpreted as absolute answers. Instead, the important
conclusions comes from comparisons of different methods and hardware choices, and the relative differences between those methods. These limitations should be kept in mind when interpreting the results.
3

Queuing time for the bus is the time a request spends in the output queue of a cache (or memory) before it is given access to the bus.
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4 Case Study
This case study is meant to cover some scalability issues, and discover the performance bottlenecks as
the number of processors increase.
For most of the tests, i.e. if not otherwise stated, the base system is configured as follows: The processor speed is 500MHz, and the bus speed one fifth of the processor speed. The bus width is 256 bit, the L1
caches (data and instruction) are 64kB each, and the L2 cache is 1MB. The main memory has 60ns latency,
and is 2-way interleaved. A cache line is 64 bytes. The program code contains 20% read, and 10% write
instructions. All measurements are made on a system under high load. Execution Scheme A and Lazy
scheduling are used as default settings in all tests where they are not explicitly mentioned.
The hardware parameters are loosely based on those of a recent AlphaServer system4, but a direct
comparison is not possible. For instance, the EPs of the simulator always execute one instruction per cycle,
while the superscalar Alpha 21264 often executes more than one instruction per cycle on average, depending on the application.
The choice of a 1MB L2 cache can seem conservative, considering that the current Alpha 21264 processors support up to 16MB. The motivation is that the simulations only use a subset of the applications
available on the examined system. A too large cache could mean all or most of the instructions and data
would fit into the cache, which would yield misleading results. Therefore a more conservative choice was
made.
The architecture used as the base case is the system depicted in Figure 6A.

4.1 Software Related Issues
As described in Section 2.2.1, the amount of parallelism depend on the software, and two techniques
for solving data inconsistency problems under different circumstances, execution scheme A and B, were
introduced. Section 4.1.1 explores how these two schemes perform, compared to an ideal case where no
data inconsistency problems exists. The different approaches to load balancing described in Section 2.2.2
are examined in 4.1.2.

4.1.1 Parallelism
Figure 12 shows the throughput for each of the execution schemes, plotted against the ideal scheme for
1, 2, 4, and 8 execution processors.
Clearly, the use of execution scheme A limits the parallelism somewhat, compared to the ideal case.
This is expected, since execution is stalled when the EP is waiting to get a lock on a function. Figure 13
reveals that the blocking time is only about 1.7% of the cycles for 2 processors, rising to 3.5% for four processors, and 8.3% for 8 processors.
For execution scheme B, blocking time is much worse that for scheme A. 7%, 24%, and 45% for 2, 4,
and 8 processors respectively. In addition, some of the execution time is wasted because of rollbacks
caused by deadlock situations.
For 2 processors, there are on average 450 deadlocks per second, or 225 per processor. For 4 processors, that figure rises to 670, and for 8 processors there are 1113 deadlocks/s per processor. The time
wasted because functions need to be restarted is still quite low, only about 3% for 8 processors. However, it
is important to remember that this figure does not include any penalty for the rollback operation, so the
execution time could be significantly larger if the rollback operation is computationally expensive.
Figure 13 shows how the processor time is spent. The numbers are averages over all processors for the
multiprocessor configurations. Computing time is the fraction of the execution time that the processor is
actually executing code. Data write, data read, and instruction read is the time the EP is stalled because
data is not yet available (cache misses). Blocked time is the time the EP is waiting for a lock on a function,

4

See http://www.digital.com/alphaserver/alphasrv8400/8x00_tech_summ.html for a technical summary of high-end AlphaServer systems.
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Figure 12. Throughput for different execution schemes on 1, 2, 4, and 8
processors.

this time can not be used for any work. Table 1 shows detailed statistics from a simulation of a four processor system.
Blocking does not degrade performance as much as one would expect, looking at the blocking time in
Figure 13. The reason seems to be that queuing time due to bus contention is shorter while one of the processors is blocked (see Table 1), and therefore the other processors can work more efficiently. In fact, the
fraction computation time is only a few percent lower than the ideal scheme even when blocking time is
20-40% of the cycles. For instance, the total throughput for execution scheme B is 24% lower that the ideal
scheme, although the blocking time is 45%, in the 8 processor simulations.
The important conclusions from this experiment is that the blocking time is growing quickly as processors are added, especially in execution scheme B. The blocking time, together with the time that will need
to be used for rollbacks, will be a severe limiting factor on the number of processors that can be used,
unless improvements is made on this scheme.
Table 1. Timing information for a four processor system.
Speedup over
1 EP system

Computation
time [fraction
of cycles]

Ideal

3.514

0.361

0.631

0

0

0

Scheme A

3.276

0.339

0.594

0.059

0

0

Scheme B

2.801

0.294

0.462

0.238

670

0.014

Execution
Scheme

Stall time
[fraction of
cycles]

Blocked time
[fraction of
cycles]

Deadlocks
[#/s per EP]

Wasted time
[fraction of
total time]

4.1.2 Load Distribution
The scheduling schemes are compared to a base case, and the resulting speedups presented in
Figure 14. The scheduling used in the base case is the lazy scheduling, where no enforcement of execution
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Figure 13. The left column for each number of processors show clock cycle usage
for the ideal execution scheme, the middle columns for execution scheme A, and
the right column for execution scheme B.

sequence is made. As mentioned in Section 2.2.2, two possible solutions resulting in sequential execution
of transactions have been considered.
The solution with local SPs, used for the transaction scheduling method, is faster than the lazy scheduling over the bus. That means the restriction of not being able to run a transaction on several processors is
not very severe. In fact, the gain from removing message transfers from the bus more than compensates for
that loss. The cache miss rate does not seem to be affected significantly by the choice of method, suggesting that cache affinity is pretty much the same regardless of the method used.
6

Lazy scheduling (one SP per EP)
Central SP method (one SP)
Transaction scheduling method (EP-SP)
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Figure 14. Scheduling approaches. The three scheduling methods compared.
The transaction scheduling methods have EPs directly connected to the SPs,
while the other methods have the SPs connected to the bus.
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The central SP method, where one SP handles scheduling for all EPs, seems to be faster than lazy
scheduling, for two or four processors. This is counter-intuitive, since the lazy scheduling does not have
the restriction that the subtasks in a transaction must be executed sequentially. We believe this might be
because the implementation of the lazy scheduling, where messages always sent to the SP with shortest
queue, might not be the best. The single SP method, on the other hand, does the reverse and looks at which
EPs are idle when deciding where a message should go. This issue will be investigated further in the
future.
This experiment tells us that sequential scheduling of subtasks in a transaction is not a severe limitation. On the contrary, the tightly coupled EP-SP in the transaction scheduling method leads to performance
gains.

4.2 Hardware Related Issues
Next, a few hardware related parameters will be examined. First, in Section 4.2.1, the architectures in
Figure 6 B and C are compared to the base architecture, shown in Figure 6A. In 4.2.2 the impact of bus
width is examined, and finally in 4.2.3, we look at memory interleaving.

4.2.1 Architecture
As Figure 15 shows, connecting the SPs directly to the EPs gives a small performance advantage over
connecting them to the shared bus, despite the fact that the scheduling is more restrictive (see
Section 4.1.2). The performance gain can be attributed to shorter latency for message communications,
since messages go directly from the SP to the EP instead of over the bus. In addition, the removal of messages from the bus means less bus traffic, about 10% for an 8 processor system, which shortens the bus
queuing times for the remaining requests.
The architecture with local memory gives a performance advantage for systems with more than two
processors. This can be explained because the local memory accesses are faster, since they do not need the
shared bus, and there will not be any bus contention for those accesses. The values are obtained under the
assumption that there are local copies of the instructions, or the program code, in all nodes, while the data
is spread out evenly among the nodes. The shared bus is used when data is located in a remote memory,
and for coherency traffic. The local memories are 2-way interleaved in the simulations.
Table 2 shows that stall times due to reads and writes are lower for both alternative architectures, compared to the base system, which is a result of the lower bus traffic. Consequently, the computation time is
higher.
Both these alternative (compared to the base case) methods does give a slight performance advantage.
The local SP approach has the additional benefit of solving the sequential scheduling problem.
Table 2. Timing information for a four processor system.

Architecture

Speedup over 1
EP system

Computation time
[fraction of
cycles]

Stall time
[fraction of
cycles]

Blocked time
[fraction of
cycles]

SPs connected to bus

3.276

0.200

0.738

0.052

SPs connected to EPs

3.456

0.209

0.669

0.045

Local memory modules

3.520

0.229

0.649

0.046

4.2.2 Shared Bus
Figure 16 shows throughput for various bus widths. Using only one processor, performance is not significantly affected by the bus width, since bus utilization in very low. Using 4 or 8 processors, a bus width
of less than 128 bits have a larger impact. For an 8 processor system, the throughput is 30% lower with a
32-bit bus than a 256-bit bus.
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Figure 15. Comparison of placement of the SPs, directly connected to each CP,
or via shared bus, and use of local memory modules.

The reason is, obviously, that transfer times are higher for a narrower bus, which also increases queuing times. Table 3 shows queuing times for a number of different systems with 1-8 processors, and bus
widths ranging from 32-256 bits.
The bus queuing times are found to be quite sensitive to many parameters, for instance the fraction of
read and writes in the software, and the footprint (larger footprint gives lower cache hit rates). For the values used in Section Table 3 and Section Figure 16, a 128-bit bus seems sufficient for the four and eight processor systems, and a 64-bit bus for 2 processors. But it is obvious that queuing times rise rapidly if the bus
width is not sufficient, so caution should be taken.
Table 3. Average queuing times, in bus controllers, for bus requests. Queuing times are measures as fraction of
bus working time, that is for a value larger than one, a request spends more time waiting for the bus than using
the bus.
Number of EPs

Bus Queuing time
for 32 bit wide bus

Bus Queuing time
for 64 bit wide bus

Bus Queuing time
for 128 bit wide bus

Bus Queuing time
for 256 bit wide bus

1

1.740

1.591

1.502

1.472

2

1.136

1.043

1.002

1.023

4

3.134

1.726

1.701

1.969

8

7.227

5.849

5.553

3.184

4.2.3 Main Memory
As revealed by Figure 17, memory interleaving does not affect performance to a significant degree for
one or two EPs. For 4 and 8 EPs however, a 2-way or 4-way interleaved memory does give noticeable performance gains. For a 4 EP system, 4-way interleaved memory gives a 12% performance gain over a system with a single memory module. Table 4 show average queuing times for memory accesses.
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Figure 16. Effect of bus width on systems with 1, 2, 4, and 8 processors.

Table 4. Average queuing times, in the memory modules, for memory requests. The queuing time is related to
the lookup time, for instance, a queuing time of 0.5 means the total time for a memory lookup is 50% longer
than the actual memory lookup time. Note: For 1 EP all queuing times are under 0.01.

Number of EPs

Memory Queuing
time for a single
memory module.

Memory Queuing
time for 2-way
interleaved memory.

Memory Queuing
time for 4-way
interleaved memory.

Memory Queuing
time for 8-way
interleaved memory.

2

0.03079

0.02619

0.01134

0.00508

4

0.25009

0.04795

0.04123

0.02162

8

0.47571

0.08965

0.05693

0.01947

In general, the interleaving should be scaled with the number of processors, in order to minimize memory access delays. At least for an eight processor system, the gain of 8-way interleaving over 1-way is large
enough that interleaving makes sense.
In this section, the simulation platform has been used in a case study. The results for this particular system show that the key considerations are software parallelisation, and bus bandwidth. The other issues
investigated do also show noticeable differences in performance, however. The most striking performance
limitation found was the increase in blocking time as the number of processors increase for execution
scheme B. The speedup shows 24% lower performance for that scheme than the ideal execution scheme in
an eight processor system.
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Figure 17. Memory interleaving.
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5 Conclusions
A simulator with distribution-driven workload has been designed and implemented in order to evaluate
the performance of a throughput-oriented telecom system in various multiprocessor configurations, and
with different assumptions regarding existing software.
The simulator uses data files with information about the software, including which functions are executed during a transaction, execution times, and messages sent by each function, as well as statistics on
read and write frequency in the software, and the footprint of each function. This information is used to
recreate the conditions in the system under examination as closely as possible. Thanks to this, characteristics such as cache misses, coherency traffic, cache affinity, and bus contention are taken into account by the
simulator. In addition, some software issues, such as parallelisation and load balancing, can be investigated. The simulator that has been implemented is fairly flexible, and the implementation time short due to
the choice of a distribution-driven method. The trade-off, compared to instruction-level simulation, is
lower accuracy.
In the case study, it was discovered that when functions in a part of a transaction, a subtask, is locked
until the subtask is completed in order to enforce mutual exclusion on functions, the parallelism is limited
to a significant degree. This becomes increasingly serious as the number of processors is increased. For 8
processors, the performance drops 24 percent below the ideal execution scheme, but it still does gives a
significant speedup compared to a uniprocessor system. Still, this will be a bottleneck for larger systems,
so it would be worthwhile to work on improvements on this scheme.
The placement of the scheduling processor (SP) directly connected to the execution processor (EP),
rather than connected to the bus, seems to make sense, even if one does not take the sequence of execution
into account. The greater flexibility you gain by having the SPs on the bus, and being able to schedule individual subtasks onto any EP, does not compensate for the longer execution times this method yields, at
least not for systems with four or more processors. But the difference is not that great, both methods are
viable options.
Overall, parallelisation and adequate bus width are the most important factors investigated in the case
study. These two are also the most sensitive when adding more processors. Scheduling policy, architecture,
and degree of memory interleaving have a lower impact, but could still yield some performance gain if the
the right choices are made.
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Appendix A - Simulator Configuration
The simulator parameters are set using a configuration file. There are parameters for each kind of module (EP, cache, SP, bus, and memory) as well as some general parameters where it is possible to set, for
instance, the different execution schemes, and load balancing policies discussed in Section 2.2.
The simulator is run from a shell, with the name of the configuration file and the files with transaction
data as command line arguments. The program is non-interactive (requires no manual input), so it is possible to schedule batches of simulations simply by creating a shell script running the simulator repeatedly
with different configuration files.
General:
•

Simulation length [number of cycles].

•

Statistics gathering starting point [cycle number] - used to rid the statistics of values
gathered before a steady state is reached.

•

Number of transactions on average issued per second.

•

Execution scheme [ideal scheme, scheme A, scheme B].

•

Load balancing policy.

•

Conversion factor [function length in ns to function length in clock cycles].

•

Level of debugging information [none, normal, all].

•

Number of processors.

•

Processor clock rate [MHz].

EP:

• Frequency of memory writes and reads [percent].
Cache:
•

Cache mode [fixed or dynamic frequency behavior].

•

Cache block size [bytes].

•

L1 cache and L2 cache latency [cycles].

•

L1 data and L1 instruction hit rates (only used in fixed mode) [percent].

•

L2 hit rate (only used in fixed mode) [percent].

•

Writeback frequency (only used in fixed mode) [percent].

•

Invalidation frequency (only used in fixed mode) [percent].

•

Input and Output buffer sizes.

•

L1 data, L1 instruction, and L2 cache sizes [bytes].

•

Average footprint size [cache blocks].

•

Fractions of footprint that are instructions, shared, and private data [percent].

•

Fractions of reads and writes that are made to shared and private data [percent].

•

Message buffer size.

•

Computation time [cycles] - the time it takes to prepare an incoming message for
scheduling, this is only a factor when the SP is empty, otherwise some other message
is probably already prepared.

SP:

Bus:
26

•

Bus clock rate [submultiple of processor frequency].

•

Bus width [bytes].

• Maximum number of outstanding requests.
Memory:
•

Memory latency [ns].

•

Size of input and output buffers.

•

Interleaving - number of memory modules.
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Appendix B - Sample Output From the Simulator
This is the output of a simulation. The first few lines just tells that the input files are read. Then, after
the simulation is done, some information is printed. The first paragraph (starting with Simulation time)
states some important characteristics that was set in the configuration file. The rest is statistics gathered
from the various modules in the simulator.
Noticeable in this particular simulation is the low bus utilization, which is due to a high cache hit rate,
and a wide bus. The bus width is in bytes, and the frequencies in MHz.
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