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Abstract: This paper reports on performance results gained while modelling an embedded system, how the associ-
ated workload was constructed and finally documents the results measured on the actual embedded system. The
main hardware components of the embedded system consisted of a Pentium Plain 32 bit microprocessor, 32 Mbyte of
memory and a ne2000 10/100 Mbit/sec 802.3 network interface card. The software for the embedded system was
built from lightweight processes which are coordinated through a preemptive executive running in a microkernel.
This paper reports of the measured and simulated performance of the device driver and the simulated throughput

results were found to be accurate to within 8%.
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1. INTRODUCTION

In the life cycle of an embedded system, performance
analysis is often undertaken after a commitment has
been make to key components. Sometimes perfor-
mance analysis and benchmarking are undertaken
after a product has been completed and the opportu-
nity to alter significant aspects of design are thus
denied. To compound this problem it is not easy to
extrapolate the final performance figures from individ-
ual component specifications. Furthermore the inter-
related nature of devices, executive timeouts, DMA
cycle stealing, interrupt overhead, application code,
device driver code means that optimizing any one
entity might not deliver the required performance
improvement.

The embedded systems of interest are constructed
from a uniprocessor based microkernel controlling
specialist hardware through device drivers imple-
mented as a set of interrupt driven processes[Comer,
1984]. The technique adopted in this research is dis-
crete event simulation[Fishman, 1978] as it exploits
the correspondence between the implementation of
next event simulation and the multitasking execu-
tive[Mulley, 1988]. The event generation method is a
model program operating on an abstract machine
termed model processing elements (MPE). The MPE
consists of a model processor (is32) and model hard-
ware devices[Mulley, 1995].

2. ISMENE AND THE MODEL PROCESSING
ELEMENT

Ismene is a next event simulator embedded systems
design tool and it is used in conjunction with a number
of components: Modula-2 workload generator (n2f ),
GNU binutils and GNU debugger (gdb). The key
component interaction is shown in figure 1.

The goal is to develop, debug and predict the perfor-
mance of an embedded system before it is constructed.
Ismene allows different solutions to be explored
together with their performance implications. The
user expresses the software model in Modula-2 which
is later automatically transformed into an is32 work-
load description. As the design progresses the Mod-
ula-2 model becomes closer to final production
code[Wirth, 1971]. Finally the model and production
code are the same therefore it is possible to debug the
production embedded system through Ismene. Ismene
has many advantages when debugging the embedded
system:

(i) ability to suspend time while the system
state is examined.

(if)  ability to single step all code: interrupt
service routines, device drivers and appli-
cation code.

(iii) ability to rewind time and when using a
modified gdb; single stepping the source
code in reverse; allowing the user to
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Figure 1: Ismene and related components

answer the "how did we get here?" ques-
tion.

(iv) break points may be set on hardware and
software events. For example start of
DMA activity, timer interrupt, iret
instruction. All break points interact
seemlessly with gdb.

3. EVENT GENERATION THROUGH A
MODEL MACHINE

Detailed modelling of an embedded system implies
representing conditional behaviour of processes. Thus
the process representation must allow for examination
of conditional variables. Any manipulation of syn-
chronisation primitives by a process will have a direct
or indirect affect on the remaining processes. Further-
more device workload upon the processor can be
closely modelled if the concept of interrupt mask reg-
ister, DMA cycle stealing, processor cycles, interrupt
priority and interrupt activation schema are present.
The interpretation of the program script is performed
by a Model Processing Element (MPE). Each MPE
contains a model of a processor and devices. It is
intended that these models contain many of the impor-
tant features found in traditional processors and
devices.

3.1. SOFTWARE EVENT GENERATION

It is desirable that software loads from a variety of dif-
ferent microprocessors can be mapped onto the pro-
cessor (is32) within the MPE. The software work-
loads are allocated to the is32. A detailed model of
software can be built to faithfully replicate functional-
ity and execution cost[Mulley, 1988], alternatively, a
higher level model can be produced which represents
software in skeleton form (processes are briefly
described in terms of fundamental interprocess com-
munication primitives and an aggregate execution
cost).

The simulator advances the current process one is32
instruction at a time. A simulation event is associated
with the beginning of the execution of an is32 instruc-
tion which, will usually correspond to one or more
instructions on a real processor. The events associated
with the current instruction are placed onto the event
queue and the next event simulation technique effec-
tively interprets a process. A time of completion (or
time of new event) must be calculated for each
instruction.

The is32 instruction set can be categorised into execu-
tive calls wait, signal, initprocess, kill-
process and initsemaphore; assignment, itera-
tion and conditional primitives; device control such as
in, out, iret, disable, enable; request for the
processor pr.



The request for the processor, pr, represents an aver-
age load of a block of real machine code instructions
whose functionality is not modelled in detail at the
current refinement level.

3.2. HARDWARE EVENT GENERATION

The MPE must be configured with real system over-
heads. The MPE hardware characteristics such as pro-
cessor speed, instruction speed and rate of device
transmission are specified in the system configuration
language (SCL). Within the SCL a basic unit of a
device is termed a port. A port is specific to one MPE
and its performance characteristics remain constant
throughout a simulation experiment. This language
describes a system in terms of a collection of intercon-
nected MPEs and each MPE is individually described
in terms of machine clock frequency, speed of proces-
sor, memory configuration and ports. The description
of a port determines whether it is a model character
device, clock device or block DMA device, the
amount of cycles DMA steals from the processor,
duration of DMA burst, priority of DMA and the
speed of operation. Ports can contain links to other
ports and therefore more complex device models are
created by combining these units. The SCL and MPE
has been described in detail[Mulley, 1989, Mulley,
1995] elsewhere.

The ports are accessible to the is32 by explicit
input/output instructions and the processor communi-
cates to a model device controller by sense status
polling or a ready interrupt.

4. EMBEDDED SYSTEM TO BE MODELLED

The embedded system to be modelled is an inexpen-
sive Pentium Plain based unit running at 133 Mhz
containing a 10/100 Mhz 802.3 ne2000 compatible
network interface card. Previous research using
Ismene has shown that handcoded software workloads
can produce results accurate to within 4%. However
these were extremely tedious to produce and they
were modelling simple microprocessors[Zilog, 1977,
Motorola, 1984] which had no instruction pipelining
or instruction cache. Modelling the execution time of
instructions running on the Pentium Plain presents a
challenge as this microprocessor has an instruction
pipeline, data/instruction cache, address generation
interlocks, opcode pairing rules, operand conflicts and
cache conflicts[Intel, 1997].

5. CALCULATING SOFTWARE WORKLOADS

Modelling the software workload accurately is very
important if reliable network performance figures are

to be obtained. An increase in processor performance
can very often yield the same increase in network data
throughput[Tanenbaum, 1997]. The Pentium Plain
contains a U and V pipeline. All instructions may
enter the U pipeline but only a subset of the instruc-
tions may enter the V pipeline simultaneously. Fur-
thermore operand conflicts between the instructions in
the U and V pipelines will incur wasted cycles. As an
experiment the m2 £ compiler was modified to include
an extra command line option ~Oworst which gener-
ated the same Pentium Plain instructions but in the
worst pipeline order. The best ordering was seen to
execute in 60% of the time compared to the worst.
Clearly the software workload must incorporate this
knowledge.

One solution considered was to modify Ismene to con-
tain an accurate Pentium Plain model. However this
would be a large software undertaking and the down-
side is that Ismene would become processor specific.
Therefore this solution was rejected.

Another solution is to modify the compiler to issue
timings for each and every basic block[Aho, 1986].
The compiler could be improved to understand the
exact performance implication of the U and V pipe-
line, instruction caching, data caching and operand
conflicts. For every basic block the compiler firstly
calls the is32 code generator to model the code behav-
iour and then secondly calls the Pentium Plain code
generator to work out the execution cost. The execu-
tion cost is inserted into the is32 generated list of
instructions using a pr instruction. The Pentium
Plain code generator is a real production code genera-
tor but in this instance it does everything other than
actually emit the Pentium Plain instructions. This
solution has the advantage that after the embedded
system is simulated and the satisfactory results are
obtained the same compiler is used (with a different
set of command line options) to generate the real Pen-
tium Plain instructions for the target system.

This solution was adopted and initial tests showed that
this algorithm was accurate to within 8%. These tests
consisted of timed programming constructs such as
while loops, assignment, array accesses, bubble sort,
string manipulation and pointer manipulation exam-
ples. The results shown in table 1 were obtained by
compiling the test code for the Pentium Plain and
executing the code under the linux tool perf-
mon[Goda, 1999]. The same code was then compiled
for the is32 processor with the compiler predicting the
execution time on the Pentium Plain for each and
every basic block. Finally the is32 code was issued to
Ismene and the total simulated execution times



Test module | Simultated + Actual time x 100
func 104.4
ptr 102.5
simplestr 96.1
sort 92.8
testbec44 102.1
testbec45 100.4
testparam 102.1
teststr 108.6
vector 95.4

Table 1: Pentium Plain software workload accuracy

obtained.

The results were satisfactory, the 8% error was proba-
bly due to imperfect U/V pipeline knowledge when
control jumped from one basic block to another.

6. PERFORMANCE OF AN EMBEDDED
SYSTEM

A Pentium Plain based embedded system running at
133 Mhz controlling a ne2000 network interface card
operating at 10 Mhz was simulated, built and mea-
sured. The software consisted of a microkernel,
device driver and minimal application. The ne2000
specific code was taken from the Linux kernel and
translated into Modula-2. For the purpose of these
tests the application is an infinite source which contin-
uously transmits fixed size frames.

The software profiling within the simulation tests
showed that the device driver was processor bound
(95% polling) waiting for the transmission of large
blocks to complete. Whereas when the system was
transmitting smaller block sizes the interrupt handling,
device delay and copying the frame into the network
interface card (out/in) matched the cost of executing
the polling routine. Smaller block sizes incurred a
noticeable cost in having to wait for the hardware to
react to software control (device delay 15%).

It would be interesting to see the effect of running the
network interface card at 100 Mbits/sec without the
device delay penalty. This simulation experiment was
performed and the results are shown in table 3.

The device driver is split into two components: the
shared 8390 device code and the ne2000 specific code.
To achieve this an object oriented technique was used
in the C version inside the Linux kernel and also in
Modula-2 on the embedded system. This design
allows for software reuse in devices which utilize the

8390 chip-set but it was found to account for 6% of
the available processor time when transmitting 64 byte
frames.

As this network interface card is transmitting blocks
ten times faster than the previous experiment it can be
seen that less time is wasted polling for the outgoing
packet to complete (poll). Consequently the execu-
tive, timers and memory buffer management have
more of an impact on the software cost.

7. CONCLUSIONS AND FURTHER WORK

In conclusion the technique of modifying a compiler
to generate accurate workloads based on the predicted
execution time of each basic block has proved suc-
cessful even when targetting a processor which
employs complex instruction pipelining and caching.
The combination of Ismene and gdb is attractive as an
embedded system can be simulated and debugged at
the source code level and the single step in reverse
facility is a potent debugging aid.

In the future it would be interesting to see whether
these techniques could be applied to GCC. In particu-
lar it would be interesting to see whether GCC can
pass the basic block execution timing of other com-
plex processors to Ismene with similar success.
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