
LEGACY SYSTEMS are hardware and/or

software systems currently performing use-

ful tasks but requiring reengineering or up-

grading for various reasons. The most

pressing reasons are parts obsolescence and

system needs such as greater functionality,

increased processing and interface scalabil-

ity, better form (size, weight, power, volume),

and decreased maintenance and life-cycle

support costs. Another reason is the avail-

ability of superior algorithms, architectures,

and technologies that meet or exceed the sys-

tem’s specifications, often at a lower cost.

Legacy systems abound in both the mili-

tary and commercial electronics arenas.

Indeed, commercial electronics systems,

such as PCs and cellular phones, are often

obsolete in a matter of months, and time-to-

market pressure has institutionalized prod-

uct reengineering. In the military, the long

lifetimes of deployed systems—decades in

the case of radar systems—make the prob-

lem of reengineering legacy systems in-

evitable. It is no exaggeration to say that the

question is not whether these systems will

require engineering, but when and how it

should be done.

One can reengineer a legacy system in an

evolutionary manner by upgrading portions

(usually hardware) of the system, or in a rev-

olutionary manner by redesigning the entire

system. A legacy system usually represents

a high value and a high cost investment:

years of accumulated knowledge and a large

base of users who rely on its operation. At a

minimum, the reengineered replacement

system must preserve the legacy system’s

functionality, performance, and interfaces.

At VP Technologies we have developed a

successful reengineering approach based

on virtual prototyping. Our approach relies

on tools and extensive libraries of models

that are simulatable and synthesizable at

multiple abstraction levels, from specifica-

tion to detailed implementation. The un-

derlying technologies of virtual prototyping,

automated library model generators, flexi-

ble processor architectures, and advanced

optimization algorithms facilitate increased

reengineering capabilities at a reduced cost.

Overview
Existing reengineering approaches focus

on hardware upgrades, often at the single-

chip level. This one-component-at-a-time ap-

proach does not extend to board- or

subsystem-level reengineering and an ac-

companying software upgrade. For some

legacy systems, a single, form-efficient IC

might replace many old chips; thus, a board-

level approach would be of much value.

Often, we lack design specifications for the

legacy system, and the original designers are

no longer available to provide information.

In such cases, we need methods for extract-

ing the legacy system’s design intent.

Maintaining legacy systems is expensive.

For example, it costs $5 million a year to
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maintain 20-year old functionality in a radar system. Thus,

current research efforts focus on developing reverse-

engineering, reengineering, and manufacturing tools nec-

essary to design and manufacture cost-effective replacements

for electronics products affected by parts obsolescence. This

research includes developing methods for extracting useful

and accurate reverse-engineering information from legacy

data sources. It also includes developing automation tools

and an infrastructure to reduce the costs of reengineering

obsolete components and systems. We also expect future

system designs to allow quick, cost-effective upgrades

through advances such as virtual machines, open-system ar-

chitectures, and software middle layers.

Reengineering process
Figure 1 shows our three-stage reengineering process. In

the first stage, we recover design requirements and gener-

ate test vectors from the legacy system, thus attempting to

understand the system. We use existing manufacturing data,

netlists, specifications, test vectors, code dumps, and list-

ings to develop an executable virtual prototype of the lega-

cy system in a language such as VHDL (VHSIC Hardware

Description Language) or UML (Unified Modeling

Language). In the second stage, we feed the generated ex-

ecutable requirements along with cost and form factor con-

straints into trade-off advisors to decide on the right

architectural and test specifications for the reengineered

system. The third stage completes the detailed hardware-

software design as well as system integration and testing.

Thus, stage 1 focuses on design intent abstraction (or reverse

engineering), while stages 2 and 3 are similar to conven-

tional top-down design synthesis methodologies based on

virtual prototyping. Supporting each stage are extensive li-

braries of cost, performance, and clock-accurate, fully func-

tional simulation and synthesis models.

Legacy system understanding. The first step in reengi-

neering a legacy circuit card assembly (CCA) is to abstract

its design intent and generate executable requirements. In

most cases, information about the legacy component or its

interface is incomplete or missing. Automated tools can as-

sist in the discovery of the component’s underlying structure

and behavior. Although system understanding and design

intent abstraction is not yet a mature science, it benefits sig-

nificantly from automation. In addition to design libraries

of components obtained from organizations involved in de-

signing the legacy system, automation relies heavily on tem-

plate-matching algorithms (see Chisholm et al., page 26).

Let’s assume that a structural transistor-level netlist of

each CCA component can be extracted through etching

and circuit geometry abstraction (see box, page 34). We

then convert the transistor-level netlist to a gate-level netlist,

using a library-based approach that includes describing the

gates’ transistor implementation. Next we use iterative,

search-based pattern-matching procedures to extract the

circuit’s class (or its canonical template) and structure at

multiple levels of abstraction in the template library (see

Figure 2). After identifying key components (or their sub-

components) in the legacy CCA, we can select suitable re-

placements for them from the candidate component

library. The design tools invite designer input to direct this

semiautomated behavioral abstraction process.

Figure 3 (next page) diagrams this process. The quality of

its results depends on the breadth, accuracy, and depth of

the associated libraries and the effectiveness of the search

algorithms that recover the legacy component’s design in-

tent. (These libraries and algorithms represent intellectual

property and have been the subject of considerable recent

research.) Partial or complete documentation of the legacy

system’s specifications can help the designer intervene at

key decision points to bootstrap the process of system

understanding.
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Figure 1. Legacy system reengineering process.
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Figure 4 shows an example of the abstracted design view

after the architectural matching stage of the process. The

abstraction tool recovers the system design through bottom-

up/top-down identification of its components and their in-

terconnections, and further decomposes each component

into its constituent parts. The designer then navigates

through the various component models at multiple levels

of abstraction, selecting the components that need reengi-

neering. In the following stage, the designer replaces these

components with simulation or synthesis models obtained

from the component upgrade library. Together, all compo-

nent models (and associated software) form the executable

requirements for the legacy CCA and its test benches.

Reengineering trade-off exploration. The second stage

in the reengineering process evaluates the architectural

changes necessary to upgrade the legacy system and their

effect on the reengineered system’s cost and quality. This

stage reveals architectural errors, reduces reengineering time,

and links cost issues with the detailed hardware design and

software synthesis. To perform architectural evaluation, we

must capture the system’s execution characteristics even be-

fore detailed hardware and software are available. Effective

virtual prototyping of the system at a high level of abstrac-

tion allows easy evaluation of architectural trade-offs.

Figure 5 illustrates the reengineering trade-off exploration

stage. After the system understanding stage, we draw per-

formance-level components from the reuse library to mod-

el an executable virtual prototype that adequately captures
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the legacy system’s commu-

nication and computation

characteristics. We generate

and preselect a set of soft-

ware and hardware design

architecture candidates,

with the help of system

reengineering requirements

and cost-model-based deci-

sion tools. Virtual explo-

ration consists of executing

the system’s performance

model to reflect various

reengineering options, per-

forming hardware-software

cosimulation, and evaluat-

ing the results. Design eval-

uation compares various

reengineering options

through analysis. This analy-

sis also reveals architectural

bottlenecks and errors that

result if the system’s perfor-

mance requirements (such

as real-time guarantees, er-

ror/fault performance) are

not met.

After several iterations of

the exploration steps, the design converges to a feasible so-

lution. Then, the code generation step allows the designer

to link the high-level software model with target-specific

code generation tools, which reduce software-reengineer-

ing effort. Detailed hardware/software integration links the

performance model to the fully functional model of the sys-

tem, allowing detailed reengineering to take place. The link

between the fully functional and performance models al-

lows back-annotation if, during detailed design, we detect

an error propagated from this stage.

VP’s methodology for architectural trade-off evaluation

and exploration involves modeling system hardware

(processor type, interconnection architecture, memory ar-

chitecture, and so on) and software (task partitioning and al-

location, communication and computation schedules). Our

tool suite is supported by a set of hardware component li-

braries including processors (such as the Mil-Std-1750, the

ADSP Sharc, and the TI-62) and interconnections (the Mil-

Std-1553, the Mil-Std-1773, the SCI, and the VME64). The mod-

els are available at the fully functional, hybrid, and

performance levels (see Madisetti and Egolf1 for a descrip-

tion of the taxonomy of virtual-prototyping model libraries

and their abstraction levels).

Similarly, our software-modeling toolkit uses generic in-

struction modeling supported by rich libraries of computa-

tion, communication, and control primitives. These primi-

tives are linked with the target-specific code libraries to

generate system software through autocoding. The software-

modeling toolkit allows abstraction of existing software. The

designer can evaluate the design and addition of new soft-

ware before developing the actual software.

Figure 6 shows a commonly used avionics architecture

that uses the Mil-Std-1553 serial multiplex data bus for com-

munication between various subsystems. The system con-

Legacy system
understanding

Hardware
understanding

Software
understanding

Hardware
modeling

Software
modeling

Reuse
library

HW model
library

SW model
library

Reengineering
trade-offs

System
 HW/SW options

Cost-model-based
HW/SW options

Reengineering
requirements

Virtual
exploration

Detailed HW/SW
integration and test

Task partitioning,
allocation and schedule

Observation
and data generation

Analysis
and decision

HW and SW cosimulation

Automated
model

generation

Cost models
Performance models
Fully functional models
Simulation models
Synthesis models
Test models

Design
evaluation

Detailed-
design
linking

Application and control
code synthesis

Test bench
generation

Fully functional
modeling

Code
generation

Figure 5. Virtual-prototype-based reengineering trade-off exploration.

Figure 6. A typical avionics architecture based on the Mil-Std-
1553 serial multiplex bus. Here, we add the remote sensor
node to the legacy single-board computer.
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sists of a number of subsys-

tems: fire controller, fire con-

trol navigation, air data unit,

target identification set,

radar display, head-up dis-

play, and others. Each sub-

system performs its tasks

under real-time constraints.

Computational and com-

munications tasks are often

periodic; for example, the

navigation unit updates the

display unit in real time. But

some system tasks are aperi-

odic—for example, tracking

a target object and control-

ling a weapon.

To provide for all the sys-

tem’s real-time communica-

tion needs, the bus controller

follows a predefined static or

cyclostatic schedule to arbi-

trate access to the bus. The

communication schedule af-

fects each node’s communi-

cation latency and overhead,

and thus potentially affects

real-time subsystem perfor-

mance, especially when er-

rors and retransmission are

taken into consideration. In

that case, even adding a sim-

ple function may change the

communication schedule,

which may in turn affect oth-

er components’ real-time per-

formance. Some changes

may even render the current

architecture unsuitable. Thus,

a systematic approach to

evaluation of reengineering

alternatives is crucial.

In this example, we con-

sidered adding a sensor node

to an existing 1553-based sys-

tem. This extension added

communications require-

ments and placed real-time

constraints on the system’s

performance. To ensure that

communications between

the sensor and relevant
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Figure 7. We created this executable virtual prototype of the Mil-Std-1553-based architecture
shown in Figure 6 for architectural trade-off exploration and evaluation. It includes both
hardware, interconnections, and application/control software executing on the system’s various
nodes. A fully functional model captures both functional and timing (clock-level) behavior, while
temporal models (or performance models) capture only timing behavior, requiring the use of
token-to-signal translators for a hybrid model.
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Figure 8. High-level software models executing on various nodes prior to detailed software and
hardware design allow rapid development of the virtual prototype. We then use this
pseudolanguage to generate control software for the actual hardware/software system, cutting
design time further.
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nodes do not exceed real-

time constraints, changes in

the bus controller’s control

software and the processors’

computation software were

necessary. A temporal mod-

el of the system (Figure 7)

helped us design the bus

controller’s communication

schedule. We developed the

temporal hardware model

from library components and

captured the existing appli-

cation software of different

nodes and the bus con-

troller’s control software through the generic instructions, as

shown in Figure 8. The new communication schedule will

meet the increased communication requirements of the new

node and function. In contrast to this approach, current prac-

tice relies on simple, back-of-envelope analysis, physical pro-

totypes, or detailed emulation (requiring detailed software),

extending over a period of several staff months.

After designing a satisfactory schedule, we generated the

control software by linking the generic instruction repre-

sentation of the control software to the schedule with the

code generation tools. Because the Mil-Std-1553 model is

fully functional and clock accurate, we could conduct ac-

curate data transactions among the processor, sensor, and

other nodes. This allowed finer design tuning (at a higher

modeling density) and comprehensive timing and function

testing of the component interface at the board level, as

shown in Figure 9. We monitored clock edge accuracy in

actual bus-level transactions. In contrast, current practice

requires the availability of a hardware testing platform,

probes and monitoring scopes, as well as actual software.

Figure 10 shows the result of a typical performance eval-

uation experiment with the Mil-Std-1553 virtual prototype. In

this experiment, we varied the transaction rate and data

buffer size of the sensor. These parameters affect the maxi-

mum rate of the sensor’s operating frequency without any

overwriting and data loss. Although one can calculate the

sensor’s operating frequency on paper, it differs in real life

due to errors in the channel, data retransmission, buffer sizes,

and nondeterministic behavior. Similarly, the virtual proto-

type allowed us to simulate clock rate drifts and discrepan-

cies and to observe tolerable frequency mismatch. Since no

physical hardware was built and assembled and no detailed

software coding was necessary, the savings were significant.

Detailed hardware-software design, integration, test.
Virtual prototyping benefits detailed hardware-software de-

sign, integration, and testing by greatly decreasing errors

through detailed cosimulation prior to system fabrication.

We use clock-accurate and function-accurate models of the

hardware components to assemble a detailed virtual pro-

totype of the desired reengineered system. By designing, im-

plementing, and testing actual software on this accurate

hardware representation prior to the physical fabrication of

the board, we save time and money.

We have discussed virtual prototyping at the detailed sys-

tem integration level elsewhere,1,2 so we do not cover this

topic in detail here. Suffice it to say that the industry has

adopted virtual prototyping to a great degree, and a num-

ber of vendors and system integrators are developing sup-

porting tools. Missing, however, are accurate libraries of

components such as processors and application-specific ICs

(ASICs). Without extensive, verified libraries, a virtual-

prototyping environment cannot be useful; thus, we have

devoted much of our recent work to populating libraries of

fully functional, clock-accurate models.

Model creation and verification is a painfully long and ex-

pensive process, For simple models such as a PCI bus, the

process requires about six staff months; complex models

such as the Intel Pentium II require several staff years.

Therefore, VP Technologies has focused on automatically

Command to receiver Status/ack

Command to transmit RT to RT communication

Figure 9. Using the virtual prototype of the Mil-Std-1553-based avionics system enabled rapid
evaluation of the performance and functionality of the proposed reengineered architecture. 

Buffer size (data size/transaction)

50,000
40,000
30,000
20,000
10,000

0

Se
ns

or
 ra

te
(s

am
pl

es
/s

ec
)

10 2 3 4 5 6 7 8 9 10 11

Figure 10. This typical result from the architectural evaluation
shows the trade-off between buffer size and the maximum
sensor rate. The result shows that a buffer size of 8 is optimal
for this application.



LEGACY SYSTEMS

44 IEEE DESIGN & TEST OF COMPUTERS

generated models of complex processors and components

based on published data. We have modeled processors as

complex as the PowerPC in weeks to months of staff time.

In upgrading obsolete processors and ASICs in legacy sys-

tems, we have developed an approach that largely cuts loose

the binding between the instruction set architecture and the

underlying processor architecture. For example, the Mil-Std-

1750 instruction set architecture and architecture specifi-

cation are the backbone of a number of Air Force avionics

platforms. Early processors built to this standard are now

technologically obsolete and need upgrading to modern

technologies and architectures. However, an extensive

amount of code that executes on the Mil-Std-1750 has al-

ready been written and represents hundreds of millions of

investment dollars. One proposed approach is to redesign

the Mil-Std-1750 processor using custom IC technology and

thus improve its performance and clock speed. Another pro-

posal is to emulate the 1750 processor on a faster processor

such as the PowerPC. Both approaches are expensive.

The approach we propose is to change the processor’s

underlying architecture but execute the same instruction

set. Thus, we retain the legacy code’s executability (in func-

tion), and we also gain the capability of optimizing perfor-

mance. The penalty is that we must retarget the original C or

Ada compiler to include the underlying changes in the
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Figure 11. The VPRISC core implements the open Mil-Std-1750
instruction set architecture on a 5/6-stage pipelined
architecture.

Table 1. Estimated benchmark performance of legacy implementation of Mil-Std-1750. Parenthesized numbers indicate the clock
cycle at which the instruction completed.

Program Fetch Decode Issue Execute Write-back 
Instruction Instruction instr. order order order order order

Comment name address order (cycle) (cycle) (cycle) (cycle) (cycle)

Reset AISP, R1, 1 1 1 1 (5) 1 (6) 1 (7) 1 (8) 1 (9)
BR, 20h 2 2 2 (10) 2 (11) 2 (12) 2 (13) 2 (14)

First part of AIM, R10, ff03 34 4 4 (22) 4 (23) 3 (24) 3 (25) 3 (26)
main body AR, R4, R1 35 5 5 (27) 5 (28) 4 (29) 4 (30) 4 (31)

ST, R10, R0, fff0 37 7 7 (39) 7 (40) 5 (41) 5 (42) 5 (51)
AR, R4, R1 38 8 8 (52) 8 (53) 6 (54) 6 (55) 6 (56)

Call subroutine SR, R10, R4 39 9 9 (57) 9 (58) 7 (59) 7 (60) 7 (61)
SJS, R10, R0, 60h 41 11 11 (69) 11 (70) 8 (71) 8 (72) 8 (81)

Subroutine AISP, R5, 15 96 12 12 (87) 12 (88) 9 (89) 9 (90) 9 (91)
AIM, R6, 16 98 14 14 (94) 14 (95) 10 (96) 10 (97) 10 (98)
SR, R6, R5 99 15 15 (99) 15 (100) 11 (101) 11 (102) 11 (103)

Return main body L, R7, R0, fff0 101 17 17 (111) 17 (112) 12 (113) 13 (116) 12 (118)
AR, R8, R7 102 18 18 (119) 18 (120) 13 (121) 14 (122) 13 (123)
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processor’s implementation. We can do this by changing

the back end of a conventional compiler while keeping the

front end common. For a typical RISC processor compiler,

the amount of source code that must be rewritten is about

1,000 to 2,000 lines, and for a reusable, language-specific

front end, about 10,000 lines.

Figure 11 diagrams the architecture of our VPRISC core.

The VPRISC implements the Mil-Std-1750 instruction set ar-

chitecture with an optimized, pipelined architecture, unlike

earlier versions, such as the Fairchild 9450, which were non-

pipelined. Our objective was a customizable core that can

be optimized for performance or form factor while com-

plying with the standard instruction set. The VPRISC exe-

cutes Mil-Std-1750 code on processor architectures that can

be optimized in performance, power consumption, and

functional capability. We plan to support the VPRISC core

processors with optimizing compilers and detailed VHDL

simulation/synthesis models for our customers.

Tables 1 and 2 compare the performance of the upgrad-

ed, pipelined (VPRISC) and legacy (Fairchild 9450) versions

of the Mil-Std-1750 architecture on a sample testbench. The

reengineered system achieves a performance improvement

of 100% at the same clock speed (10 MHz). Note that in-

struction AR, R8, R7 completes in 60 cycles in the reengi-

neered architecture as opposed to 123 cycles in the legacy

architecture.

Migrating software
Software written for a certain system is not easily portable

to upgraded systems without extensive rewriting of its ap-

plication, control, diagnostic, test, and driver/interface por-

tions. Since control, diagnostic, test, and driver software

code is about 20 times the amount of application code, this

is an expensive task. Newer technologies, such as middle-

layer-based, common operating environments are finding

increasing favor in the embedded-systems community.

Figure 12 (next page) shows our proposed unified em-

bedded-software design environment. The mission and ap-

plication composition layer, with its application

programming interface (API), will propose, direct the de-

velopment of, and validate the latest technologies available

for composing a candidate application for the subsystem.

This layer will draw from technologies such as the Unified

Table 2. Estimated benchmark performance of reengineered, pipelined VPRISC implementation of Mil-Std-1750.

Program Fetch Decode Issue Execute Write-back 
Instruction Instruction instr. order order order order order

Comment name address order (cycle) (cycle) (cycle) (cycle) (cycle)

Reset AISP, R1, 1 1 1 1 (5) 1 (6) 1 (7) 1 (8) 1 (9)
BR, 20h 2 2 2 (6) 2 (7) 2 (8) 2 (9) 2 (10)

First part of AIM, R10, ff03 34 6 6 (15) 5 (16) 3 (17) 3 (18) 3 (19)
main body AR, R4, R1 35 7 7 (16) 6 (17) 4 (18) 4 (19) 4 (20)

ST, R10, R0, fff0 37 9 9 (23) 8 (24) 5 (25) 5 (26) 5 (35)
AR, R4,R1 38 10 10 (24) 9 (25) 6 (26) 6 (35) 6 (36)

Call subroutine SR, R10, R4 39 11 11 (25) 10 (26) 7 (35) 7 (36) 7 (37)
SJS, R10, R0, 60h 41 13 13 (35) 12 (36) 8 (37) 8 (38) 8 (47)

Subroutine AISP, R5, 15 96 16 16 (43) 14 (44) 9 (45) 9 (47) 9 (48)
AIM, R6,16 98 18 18 (45) 16 (46) 10 (47) 10 (48) 10 (49)
SR, R6, R5 99 19 19 (46) 17 (47) 11 (48) 11 (49) 11 (50)

Return main body L, R7, R0, fff0 101 21 21 (53) 19 (54) 12 (55) 13 (57) 12 (59)
AR, R8, R7 102 22 22 (54) 20 (55) 13 (57) 14 (59) 13 (60)
URS, R10 103 23 23 (55) 21 (57) 14 (59) 16 (62) 14 (64)

Greater payoffs would be
possible if today’s systems were
designed in a manner facilitating
their rapid upgrading. 
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Modeling Language (UML), heterogeneous computation

models, discrete-event- and reactive-system-modeling

methodologies, and new graphics and visualization devel-

opments. It will provide an easy-to-use, powerful environ-

ment with which an application developer can capture the

requirements and specifications of the target application.

The interpretation layer will provide an environment for

interpreting the results of the embedded-design process from

concept to final product development. This layer will also in-

tegrate the results of tools and intermediate design data in

a form allowing interpretation of the quality and correctness

of the prototyping process at various abstraction levels. This

form will be stored along with the executable specification

for future upgrades.

The domain-specific library layer will provide a set of ap-

plication libraries consisting of intellectual property or domain-

specific knowledge to assist the application developer at all

levels of design abstraction. These libraries can be at multiple

levels of abstraction, ranging from timing models to detailed,

gate-level, hard VHDL cores for a particular technology.

The middle layer (execution and tools) will provide a

portable canvas on top of a virtual machine that will not

change from one product to another. The middle layer will

have APIs to several candidate architectures and provide a

link to portable product development. An analogy to this lay-

er is the Windows 95 middle layer and operating system. They

hide the underlying hardware, I/O, and driver details from

the PC user and provide a canvas (or desktop) on which var-

ious libraries and applications are visible as icons. Our mid-

dle layer will use the latest technology in virtual machines,

multiprocessor architectures, real-time OS development, and

technology-specific constraints to provide a seamless path-

way to various implementation (prototype or final) platforms.

Rather than rewriting all the layers within the cycle of a

legacy upgrade program, the

new approach will require

changing the bindings to the

new hardware and real-time

operating systems. This ap-

proach is likely to require far

less effort than current ap-

proaches, while ensuring that

the application can quickly

migrate to advanced plat-

forms with ease. The chal-

lenges appear to lie in

improving the efficiency of

the implementation, which is

primarily software driven, in

terms of speed, real-time ca-

pabilities, and memory use.

ALTHOUGH we can reengineer existing legacy systems using

the methodology proposed here, greater payoffs would be pos-

sible if today’s systems were designed in a manner facilitating

their rapid upgrading. This design-for-upgrade paradigm re-

quires a shift to the development and deployment of architec-

tures based on open, standard interfaces that allow new

technology and features to be phased in with minimal impact

on legacy functionality. We are designing our methods, tools,

and model libraries to facilitate this transition.
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