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This system-development environment is a companion
to SysCAD thatpermits users to specify, prototype, simu­
late, develop, and document a complex digital system.
ISHMAEL can manage the simultaneous evolution ofa
system's software and hardware. ISHMAEL users can
develop faithful models ofsystem performance that
simulate the interaction ofhardware and software at any
level ofdetail. They can iterate hardware and software
designs during a simulation, which permits realistic
evaluation ofdesign tradeoffs and implementation alter­
natives early ina system's life cycle and, thus, reduces
system costs. ISHMAEL's integrated, graphical interface
provides several views ofthe application being devel­
oped: a high-level or a detailed (Le., schematic) hard­
ware view, and the application-user's view. The system
was used for prototyping, specification, evaluation, and
implementation ofa highly distributed, telecommunica­
tions system.
Introduction

ISHMAEL is an advanced test bed for life-cycle supportofhybrid
hardware/software systems. It is a system-development environment
that can be used to specify, prototype, simulate, develop, and document
complex digital systemsthrough a single, uniform interface. ISHMAEL is
optimized for systemdevelopments where the hardware and software
are closely coupled, where newhardwareis beingdeveloped to sup­
port a software application, or where details ofsystemperformance
and cost must be known beforea productis committed to manufactur­
ing. (Panell defines acronyms and terms used in this paper.)

ISHMAEL'S first strength is its ability to manage the simultane­
ous evolution ofa product'shardware and software. This unified pro­
duct management goes all the way from systemspecification through
design, to faithful systemsimulation and,finally, to preparation for



Panel 1. Acronyms and Terms
system deployment. Suchan approach is important in
real-time systemdevelopment to:

ACM Association for Computing Machinery - Evaluate the interactions between hardware and
C++ an object-oriented descendant ofthe software

Cprogramming language - Evaluate potential tradeoffs between hardware and
CAD computer-aided design software design
CAE computer-aided engineering - Develop accurate and detailed models ofoverall sys-
CLOCK a graphical object used to monitor and ternperformance.

control simulation time It breaksfrom traditional approaches byproviding for
EDN Electronic Design News early testingand tuning ofsoftware against hardware
GIL graphical interface language; a high- designs, andforearly adjustment ofhardware designs

level specification language tuned in lightofsoftware behavior.
forgraphical programming ISHMAEL'S second strengthis its support for

glyph graphical object; the boxes, icons, and iteration. During a simulation, bothhardware and soft-
other shapeson the screen,and ware designs canbe iterated to provide a fast, convenient
their associated software mechanism for realistically evaluating design tradeoffs

HIC hybridintegrated circuit and implementation alternatives.
hypertext a multidimensional way oforganizing, The third strengthofISHMAEL is its human inter-

viewing, andediting on-line com- face. Graphical animation is an emerging approach to 53
puter text system development! andis well suitedto managing the

IC integrated circuit development oflarge, complex systems. Aflexible,
IEEE Institute ofElectrical andElectronics integrated, graphical interface empowers developers to

Engineers work in the context ofa total systemview.
ISHMAEL integrated software/hardware mainte- Byevaluating design tradeoffs early in the life

nance andevolution environment cycle, wecanreducesystemcost. Effective use of
Lisp a flexible, symbolic programming ISHMAEL is possible acrossa broad spectrum ofthe life

language cycle. Thus, such tradeoffs canbe evaluated bydesign
PC personal computer engineers and programmers, as well as byarchitects and
SCHEMA an object that provides a subsetofthe systemengineers. Customer participation inevaluating

functionality ofthe AT&T SysCAD these tradeoffs ensuresa goodmatch between what a
schematic capturetool ofthe same customer expects andwhatis delivered.
name ISHMAEL wascreated as an environment to sup-

SIGPlAN ACM special-interest groupon program- port applied researchon the system architecture fora
minglanguages highly distributed, fault-tolerant, real-time processing

SIMCED simulation-eircuit-model editor systemnamed Logopolis. In order to chart the direction
SN74LS165 a shift-register integrated circuit ofthe Logopolis project, weneeded to evaluate high-risk
SySCAD a set ofcommon CAE applications for hardware technologies and software approaches. Butat

ICs, HICS, andcircuit packs the outset, wedidnot really understand how perfor-
VLSI very-large-scale integration mance andcost could be best tradedoff between soft-

ware andhardware.
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Figure 1. A high-level view of ISHMAEL. Glyphs on an ISHMAEL
design screen are the mechanisms through which users
Interact with the specification details of Individual system
components. These specification details may contain code
to drive hardware simulation, application code for the target
system, or user-deflned design aids. The environment Is tied
together by a "software backplane" that allows hardware
and software specifications to communicate flexibly with
each other.

Wesawa prototyping environment as a neces­
saryrisk-management tool. So, the Logopolis project
createdthe ISHMAEL environment to meet its needs.
SySCAD engineerscollaborated on howto build ISHMAEL
as an adjunct to the existing AT&T SySCAD framework,
and many ofits features are beingintroduced intoforth­
coming SysCAD releases. (SysCAD is a set ofcommon
computer-aided engineering applications for integrated
circuits, hybrid integrated circuits, and circuit packs.)
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The ISHMAELDesign Process
The ISHMAEL environment provides a common,

graphical, user interface forsystemdesign and simulation.
Before committing a design, developers caneasily createa
graphical specification ofthe system, simulate the opera­
tionofthe systemor ofspecific hardware or software ele­
ments, anddetermine the effect ofdesign changes.

HIgh-level Design. To start an ISHMAEL design, the
systemdesigner capturesthe system structurein graphi­
calform, usingan interface similar to that ofother inter­
active, picture-drawing programs. However, whatthe
user is really doing is creating the framework ofagraphi­
cal specification, a picture that captures the semantics of
the application. Forexample, the containment ofonebox
within anotherin the picture corresponds to the logical
or physical containment ofone partwithin anotherin the
design. Thisway, abstraction hierarchies canbe builtup,
either in the sense ofa layered design or in the sense of
building largecomponents outofsmaller ones. The



resultingdesign captures the hierarchy ofthe majorsys­
tem components.

The boxes, icons,and other shapes on the
screen in Figure 1 are calledgraphical objects or glyphs.
Here, the term object means an abstraction that has the
"intelligence" to modelhowits counterpartbehaves in
the real world. Glyphs aren't just passive shapes.They
are active, intelligent agents that are used as building
blocksduring the architectureand designphases ofa
project. Glyphs are the software analogy of"plug­
compatible parts,"whichbehavelikefinite-state
machineswithwell-defined inputand output interfaces.

These diagramsaren't created just for the sake
ofdrawing pretty pictures,and design is not just the act
ofmakingdiagrams.fThe pictureencodes the system
structure and drivesdownstream development Each
glyphcan be tied to a low-level design or implementation
construct. Thus, using a mouse to select glyphs is one
waya user can navigate lowerlevelsof the system.To
reciprocate, the low-level constructs mayuse their glyphs
to display their status, or to gather interactive inputfrom
a user during system simulation.

capturing the Design. Afterthe majorstructure is
in place, a system designer maysay more abouthowthe
piecesbehaveindividually and howthey interactwith
each other.There are twoISHMAEL environments for
doingthis:
- A set ofextended SySCAD tools that are based on the

standardAT&T hardwarecomputer-aided design
(CAD) platform

- GIL (forgraphical interface language), a high-level
specification languagethat is tuned forgraphical
programming.

The SysCAD tools. Most system components
selectedfor hardware implementation are specified in
detailusing the SySCAD tools. SysCAD provides a rich tool
set for schematiccapture,designverification, and circuit
manufacturing. It has an extensive catalogofboth
standard-handbook hardwarecomponents and custom

integratedcircuits.
Aswitharchitectural specification, most ISHMAEL

hardwaredesigns makeextensive use ofhierarchies. At
the highest level ofhardwaredesign,designers can envi­
sion an integratedcircuitor "chip" that performs some
function and can specify the chip's pin-out and external
interfaces. Also, timingrequirements mightbe captured
in these components' designspecifications at this level.

The same techniquecan be applied insideeach
chip untila lowenough level ofdetailis reached that per­
mitsfully specifying the implementation in terms ofexist­
ing hardwarebuilding blocks (i.e., gates, polycells, or
other components, dependingon the technology being
used). Sucha designcan be specified withcomponents
fromthe SySCAD catalogue oflogicdevices, usingtradi­
tional schematic-capture techniques. Alternatively, any
chip's behavior can be fully specified in a low-level,
C-programming language, software model (which we
callthe C-language model). This capability is particularly
usefulfor rough characterizations ofhardware devices
whoseexternalbehavioris intuitive, but whose internal
behavioris tediousat the gate level (forexample,
memorydevices).

GIL-a hlgh·level specification language. GIL3 is a pow­
erfulspecification languagethat has the flexibility of the
Lisp languageand manyfeaturesofthe Smalltalk-Su"
languageto supportobject-oriented programming. (Lisp's
mainfocus is symbolic processing. Besidesflexibility,
the languageis known for the ability ofits programsto
modify themselvesat run time.Smalltalk-80 is a regis­
tered trademark ofXerox Corporation.)

GIL is used in three different ways in ISHMAEL:
- GIL can be viewed as a system-application language

in its ownright, e.g.,as the language inwhichthe pro­
duct will be programmed. It is a high-level program­
minglanguagethat runs under an interpreter,but can
be transformed into compiled codewithgood run-time
performance.

- Plug-compatible parts are the majorabstractions in
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GIL, wherefunctions behave likecombinatorial logic
gates,and wherethe interactions between functions
behave likesignals on a wire. This makes GIL a natural
language to model a complex, combinatorial logic
function inside a newchip. Idioms in the language can
alsobe used to simulate devices that havestates, so
almost anyhardware function can be conveniently
codedin GIL.

- Because GIL is easily interfaced with detailed software
and hardware specifications and is rich in graphics
primitives, it is the language that holds the entire
environment together. GIL's flexibility makesit possi­
ble forusers to extend, customize, or tune the environ­
ment in anydimension theywish.

The software backplane. The hardware and software
designsare tied togetherby a software backplane. The job
ofthis backplane is to give software the appearance of
talking to real hardware, and to give the hardware being
simulated the appearance ofinteracting with software.

This backplane is not part ofthe application
design, but is an abstraction that is an artifice of the
ISHMAEL simulation-support environment. The backplane
defines a protocol, and is implemented through a set of
library routinesthat are accessible from both hardware
andsoftware design entities. Theseroutines canbe bound
with code in popular programming languages, such as C.
It is through these mechanisms that C-application code
or Clanguage modelsofhardware logic operate.

ISHMAEL Design and Simulation Environment
ISHMAEL provides a highlyinteractive environ­

mentfor simulating systemhardware, application soft­
ware, and the interactions between them. Users interact
with the systemby usinga mouseand the keyboard. The
mouse can be used to pointto glyphs ofinterest, and the
keyboard to enter data. All user interaction with the
application, simulation, and designenvironments for
both hardware and software development takes place
through a single, uniform interface.

Eachglyph on the screen can mapontoone or
more components in the systemdesign. For example, a
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hardware registermaybe specified as part ofthe high­
level design, and maybe representedin the implementa­
tionas a SN74LS165 integrated circuit. The screenglyph
ofsuch a register mightdisplay the register's internal bit
patternat anygiven time.

User-defined glyphs mayhave windows, called
scrolls, fordata entry. A user can position the cursor on a
scroll with the mouseand,then, enter dataon the key­
board. The keyboard dataare gathered in the scroll and
echoedas they are typed. Glyphs can use these scroll
datato inject logic signals intothe hardware simulation,
changedata in the application software, inquire about
systemstatus,and so on.

The appearance ofthe glyphs canchangeas a
function ofhardware or software states.Thus, from a
glanceat the display, an ISHMAEL user cantellthe overall
state ofthe application system. For example, a linethat
representsa circuitnet (i.e., a wire) mightdisplay the
net's current logic value by coloring itselfgreen for logic
true, red for logic false, andyellow ifthe net is electroni­
cally isolated. A software variable candisplay itsvalue in
a glyph, and the environment will automatically update
the display whenever the variable's value changes.

Besidesthese generalfacilities for user-defined
components, the environment has some"stock" tools
as well:
- A CLOCK glyph
- Alogfor hardware events
- The SCHEMA object, which provides graphical test

accessto a hardware-circuit simulation
- A software and hardware logic analyzer
- A run-time, incremental loaderforcircuitmodels
- A recording and playback facility that permits repro-

ducing a design or simulation session.
A briefdescription ofthese tools follows.

The CLOCK Glyph. Figure2ashows the CLOCK
glyph, which is used to monitor and control simulation
time. This glyph shows the current simulation timein
nanoseconds, as well as the current timeofday. It has
go andstop "buttons" that control the systemhardware
clock (i.e., the signal that drives allsynchronous
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Figure 2. A glyph-an active, intelligent agent-models the
behavior of Its real-world counterpart. (a) The CLOCK glyph
shows the current simulation time In nanoseconds, as well
as the current time of day. Its go and stop buttons control
the system hardware clock, and can be used to schedule
fault events during hardware simulation. (b) The touch­
recorder glyph can record all user Interactions in a design
session or a simulation, and can play them back later. A
sequence of recording events can be scheduled using the
CLOCK glyph, or the user can interact with the recorder in a
live simulation. Thus, a design or simulation problem Is
easily reproduced.

hardware logic).
The clockcan alsobe used to schedulefault

eventsin the hardware simulation. Bystopping the clock,
programming a time intothe top window, and typing a 1
or a 0 overa logic net, a developer schedulesthat net to
take on the supplied logic value at the specified time.

The Hardware-Event Log. This is a scrolling window
that is used to loghigh-level systemevents, such as the
transferofdatabetween registers or the arrival of informa­
tionon a data link. For each event, the window presents
relevant dataand simulation-clock time.

The SCHEMA Object. This toolprovides a subset of
the functionality ofSCHEMA, the AT&T SysCAD schematic­
capturetool. The roleofthe SCHEMA object is to provide
graphical test access to hardware-circuit simulations, a
facility not available in the schematic-eapture tool.
Duringsimulation, a "softlogic analyzer" (which is

described below) can monitor circuit-logic values in a
SCHEMA circuitdiagram.

Mostofthe SCHEMA object is written in GIL. How­
ever, someofthe code is in C++ to doformat conversion
between SySCAD files and the GIL internal format. (C++ is
an object-oriented descendant ofthe Cprogramming
language. Bothlanguages weredeveloped at AT&T Bell
Laboratories.) The SCHEMA object waswritten as an appli­
cation object, with only loosecoupling to the ISHMAEL
base.Thus, duringa simulation run, the SCHEMA object
canbe loaded (orunloaded) without stopping or restart­
ing the simulation process.

The rapidprototyping facilities ofGIL madeit pos­
siblefor a single engineerto create a working SCHEMA
object in less than one working week.

A Soft Logic Analyzer. The software andhardware
logic analyzer behaveslikea laboratory-bench logic
analyzer. That is, it monitors the value changesofthe
components to which it is connected. Wecall this a "soft"
analyzer becauseits implementation is purely software.

A developer can use the softlogic analyzer just
likea hardware laboratory-bench analyzer to graph digi­
talwaveforms ofhardware signals. Buthe or she can
alsouse it to monitor changesin someclassesofsoft­
warevalues in a simulation.

The analyzer consistsofseveral channels; each
channel monitors one hardware or one software value.
Channels canbe createddynamically as "plug-in" modules
duringsimulation, and canbe interactively connected
duringsimulation. Connections canbe madeto anyhard­
waresignal depicted on a SCHEMA diagram, or to any
user-defined screen representation ofa hardware signal.
Whenthe softlogic analyzer is connected to a software
object, the object will arrange to redisplay its contents in
the analyzer channel whenever its value is overwritten.

Run-Time Incremental Loader. A C-programming
language function (i.e., a C-Ianguage model) may be
used to specify the simulation behavior ofa complex
hardware component. Models forcommon catalogue
components are supplied in the standard SYSCAD library.
However, users can define their own chips, too, usinga
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toolcalled SIMCED (simulation-circuit-model editor).
Under ISHMAEL, a user can invoke SIMCED in the

middle ofa simulation to replaceany C-Ianguage model
withan updatedversion. Withthis facility, a user can
change the timingcharacteristicsor logicofanychipfor
whicha C-Ianguage modelis available.

Doingthese modifications incrementally results
in greatlycompressedturnaround intervals for compo­
nent changes. It eliminates the overheadofreconfigur­
ing and initializing the simulation, whichcan take several
minutesfor large circuits.

This flexible updateapproach is based on incre­
mentalloading, a technique used in software-development
environments to support rapid iterationofdesigns.For
further examplesofhowincremental loading can support
iterative development, see the paper by Schmidt, Kowal­
ski, and Smull in this issue" or by Kowalski, Huang, and
Diamantidis."

Session Recording and Playback. The touch­
recorder glyph (Figure2b) can be used to record all user
interactions witha design session or a simulation and
then playthem back at a later time.

Graphical session-recording facilities offersimu­
lation controland monitoring that are more powerful,
intuitive, and convenient than textualinterfaces can pro­
vide." Byselectingthe touch recorder's RECORD (R) but­
ton withthe mouse cursor, the user can start the cap­
ture ofa sequence ofstimuli. He or she then can use the
CLOCK glyph to set a simulation time, and can use the
keyboardand mouse to create eventssuch as stuck-at
faults, initiation ofmonitors, or the transmission ofdata
to a software component.

The touch recorder can capture a live simulation
as well. The stimuli can be stored, retrieved, spliced, and
played back later, either to reproducea scenarioor to
evaluate howmodifications to the systemunder develop­
ment change its reactionto the same set ofevents.

Playback can be continuous, where the playback
speed is a programmable parameter,or "frame-by-frame,"
one event at a time.
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The touch recorder is alsousefulfor teaching,
for demonstrations, and foradministration ofsimulation­
setup scripts.

Logopolis-A Case Study
The initial ISHMAEL application wasan applied­

research system named Logopolis-a high-performance,
telecommunications and information-processing proto­
type. One goal ofthe Logopolis projectwasto determine
hownewhardwarearchitecturesmight supportsoftware
development, withparticular emphasison long-term evo­
lutionand overall configuration flexibility. The Logopolis
systemwasbased on unconventional data-flow hardware,
using highlydistributed intelligence.

Logopolis wasan exploratory development with
higher risk technology than is found in current product
developments. Uncharted software and hardware
approaches were used that, if proven fruitful, would have
high payoff. The need to explore and refinethese techno­
logies, for whichfew design rules existedyet, suggested
that substantial system-prototyping supportwasneeded.
The prototypingneeded to be done at a low enoughlevel
that we couldconvince ourselvesand our customersthat
a systembuilton these principles would perform well
and not cost too much. However, the prototyping
approach would need to turn designsaroundfasterand
cost less than traditional "breadboard" approaches (i.e.,
where we builda throwaway, hardware prototype).

Anotherkey elementin the development was
the need for ongoing interaction withcustomersso they
couldevaluate the suitability ofthe systemto their needs
and evaluate our progress over time.

ISHMAEL wasbuiltas the "software breadboard­
ing"environment for the Logopolis effort. With ISHMAEL,
we coulddevelop faithful modelsofsystemperformance
at fine degrees ofresolution, becausewe could simulate
hardwareat any level ofdetailin the contextofthe soft­
warewithwhichit was interacting. The ability to simu­
late at gross levels ofdetailwasas important as being
able to simulate at the fine levels. It better conveyed the
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overall patternsofinformation flow through the Logopo­
lissystem.

All simulations couldbe controlled and moni­
toredfrom a graphical control console on a workstation.
Different consoles wereconstructed fordifferent classes
ofusers; e.g.,project management, systemsengineers,
andeventhe ultimate users ofboth the application sys­
tem and the ISHMAEL environment.

High-Level Design of the Application. Initial high­
level designofthe application wasdone purely in GIL,
with two goals in mind:
- To studyuser interactions; i.e., to evaluate how

telecommunications customerswould interactwith
the product

- To set a framework for the more-refined Logopolis
specification that wasto follow.

Figure3 illustrates the humaninterface to a
design. We did the designin Figure3 without regard to
the hardware or software implementation; instead, we
worked at the higher level of information flow between
objects. Thus, the hardware, the software, and their
interactions with each other and with the outside world
werespecified in GIL. Because the graphical program
wasexecutable, a user couldmaketrialcalls, develop
and exercisenewfeatures, etc.

The ability to simulate at this level without any

Figure 3. The user view of the application. The large, gray
boxes are user agents, the graphical objects that embody
the expertise for handling individual user's telephones.
Embodied within each user agent are boxes that contain
features; features for call origination are In the bottom half
of the box, while those used by Incoming calls are in the top
half. Icons appear on the screen for the hardware-event log,
logic analyzer, clock, and SIMCED Interface and to depict the
states of some internal-routing logic as well. This picture is
just one view; other views can be made visible with the
three rectangular "buttons" at the top.

substantial commitment to hardware implementation
reduceddevelopment cost. Iterating simulations upfront
greatlyreduces the need to iterateimplementations late
in the project, whenhardware design changescanbe
veryexpensive. Representative customers gave feedback
on howthe interface wasto operate, and onhowLogopo­
lis' telephony features wereto interact. Changes could be
iteratedin GIL literally in seconds, so an operational
specification ofthe Logopolis systemconverged rapidly.

Separating Hardware from Software. The next
stepwasto allocate Logopolis systemfunctionality onto
hardware and software. Amajor organizing principle was
to mapeach telephone set ontoa set ofmicroprocessors;
each microprocessor provided an individual call-
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processing feature. These microprocessors would use
conventional technology, and their performance and cost
could be extrapolated from existingproducts. In the sim­
ulation, application software had "hooks" to synchronize
with the hardwarein a way that faithfully modeled the
software's performance in the real world.

The simulation givessimilar treatment to some
hardware components. For example, the processor inter­
connectuses an associative memory forpacketrouting.
Insteadofmodeling the memory at the gate level, the
simulation represents it as a simple GIL table lookup, with
timing interfaces to the simulation scheduler.

The processor interconnect wasconsidered a
high-risk component fromthe perspectives ofboth perfor­
manceand cost, so detailed designand simulation were in
order.The Logopolis project used SySCAD SCHEMA to cap­
ture the design as a schematic, usinggate-level compo­
nents from a standard on-line library.

Customizing the Environment. To help designers
navigate the complex Logopolis model, which comprised
several layersofboth hardwareand software, the Logop­
olisproject customized the environment to supportmulti­
pleviews ofthe same design. Bytouching a glyph in one
view, an ISHMAEL user could bring up anotherwindow
with anotherview, in a way reminiscent ofhypertextsys­
tems.Applications engineers programmed this multiview
selection, as well as other project-specific designand
analysis facilities, into the base ISHMAEL environment.
Because ISHMAEL is an openenvironment withflexible
updatecapabilities, an engineercan-in a matter ofdays
or evenhours-ereate an interface that givesthe appear­
ance ofbeingan entirely newenvironment.

Byusing the mouseto "push"a buttonon the
screen, an ISHMAEL user can choosefrom among three
views ofthe system:
- Acustomer (oruser-level) view ofthe application

(Figure 3)
- Ahigh-level (register-transfer level) hardwareview

(Figure 4)
- Acomponent-level hardwareview (Figure 5).
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It wasduringthis customization ofthe environ­
ment that the SCHEMA glyph wascreatedto provide the
component-level view.

In addition to choosing from the three high-
level systemviews, an ISHMAEL user can openindividual
system-building blocks for a peek inside. He or she can
edit application software by enteringappropriate keyboard
commands while the cursor is insidethe application­
software glyphon the screen. MostGIL software can be
editedand recompiled on the fly usingthis interface,
without stopping the simulation. Also, C-Ianguage
modelsofhardware components can be incrementally
changedduringsimulation, usingthe SIMCED facility
describedearlier.

Anothercharacteristic that we put under user
control wasthe level ofsimulation fidelity. The ISHMAEL
user could select either a high-level, software simula­
tionofhardware-data flow or a low-level, nanosecond
granularity, hardware simulation. The former was
largely used for application-feature evaluation or for
call-scenario analyses.

An ISHMAEL user can create customsupport
toolson the fly. For example, auditobjects exist to moni­
tor hardware-signal levels and software-variable values.
Suchobjects might lookfor anysimultaneous set ofcon­
ditions that violate designcriteriaon functionality or per­
formance, and respondto such a condition with a user­
defined action. These customtoolsare easyto write;
the condition of interest is encoded in GIL as a Boolean
expression, written in terms ofsimulation values. Amon­
itor objectmightsend a request to the CLOCK object to
stop the simulation if it notices anylogically inconsistent,
concurrentvalues.

Experience with the Prototype. Logopolis develop­
ers whoworked withthe ISHMAEL prototype had, at their
disposal, analogues ofmostofthe toolsfound in a sys­
tem lab-but at a fraction ofthe cost. Designs could be
breadboarded with software and "installed" intoa run­
ningsimulation ofthe entire system, analyzed on the
spot,and sometimes modified (i.e., "white-wired") in the
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Figure 4. High-level hardware view. This screen shows
ISHMAEL configured to depict the high-level (register-transfer
level) hardware view of the Logopolis prototype. Registers
(within the user agents) can be seen displaying their bit­
string contents. An Icon of the internal network can be seen
at the top left; it displays the status of the links between
network nodes. A hardware-event log appears at the bottom
of the screen. "Wires" that connect registers to processing
nodes flash when bits travel over them: red for 1, blue for O.
The logic analyzer can be connected to wires in the network
icon or between the processing elements.

middleof a simulation. The simulation faithfully repro­
duced manyproblems related to timingand asynchrony
that a real prototypewould demonstrate. However,
ISHMAEL'S touch-recording facility made the problems
reproducible, and its logic-analyzer facilities gavea com­
plete history of signals leading up to the failure modes.

One drawbackwas the tradeoffbetweenfaithful­
ness and the speed ofthe simulation. Afaithful simula­
tionwith nanosecondgranularityran about a million
times slowerthan real time, so a millisecond ofreal time
couldbe simulatedin about 15minutes.Ahigh-level
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Figure 5. Detailed hardware view (SCHEMA). A user can
inspect the architecture at its lowest level: gates, wires,
and buses. This schematic depicts a subnetwork used in the
Logopolls processor interconnect; each of the seven major
boxes is a user-defined chip that would be manufactured
using VLSI techniques in a product application. (Here, the
bottom window covers the seventh chip's image.) Each
such subnetwork can be opened up and examined; this cir­
cuit is at the top of a hierarchy that is five levels deep. Also
shown is the hardware/software logic analyzer with several
hardware traces opened up. One software channel has been
connected; it depicts the values of a complex data struc­
ture in a scrollable window.
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application simulation ran as fastas or faster thanthe
application itself would, but provided little insight into
system-timing issues.

Overall, the ISHMAEL environment was a boon to
productivity. It was"friendlier" than a hardware-system
laband allowed the creation oftools that would be impos­
sible to build outside the domain ofa software simula­
tion. The ISHMAEL environment provided a basisforprov­
ingin technology without the expense anddelay ofVLSI
fabrication or circuit-board manufacturing, greatly reduc­
ingthe product's time to market.

The ISHMAEL environment presented the Logop­
olissystemto its users at many levels. Thus,wecould



invite customers to interactwiththe Logopolis system
itself, insteadoflearningofand influencing its design
indirectly through talks withdevelopers and through
status reports. Misunderstandings about functionality
anddesign intent surfacedquickly.

Looking to the Future
One goalof the Logopolis architectural workwas

togivesoftware some ofthe propertiesofhardware, in
terms ofmodularity and reusability. Anotherpotential
area for payoff is in verifiability. In this environment, the
programming languagessupport a data-flow computa­
tional model. Thus, the same staticanalysesthat can be
performed on hardware (e.g., critical race and deadlock
detection, state reachability, etc.) can conceivably be
applied to suitably designed software as well, and to sys­
tems as a whole."

The next logical step in the evolution to increas­
ing levels ofsimulation detailwould be to integrate
ISHMAEL withhardwareemulation or withproduction
hardware itself. ISHMAEL'S flexible, software backplane
could easilybe made to interactwithan asynchronously
interacting hardwaremodule, circuitboard,or processor
complex. For testing and circuitanalysis, the existing
ISHMAEL tools,such as the logicanalyzer, couldadopt
back-end hardwareinterfaces. Suchlogicanalyzers­
whosehuman interfaces run on personalcomputers
(pcs) or workstations-have the same electronic probes
as conventional logicanalyzers and are calledvirtual
instruments. Hardware that supports this approach is
readily available on the market today, backed by IEEE
interface standards."

The outputside of ISHMAEL can be extended as
well. A straightforward extensionto the environment
would be to provide a multiscreen interface to a simula­
tion, withdifferent screens to represent different views.
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