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Abstract 

With the advance of hardware and software technol- 
ogy, modern phased array radars are now built with 
commercial-of-the-shelf (COTS) components, and it 
opens up a new era in real-time resource scheduling of 
digital signal processing. This paper targets the essential 
issues in building component-oriented Signal Processor 
(SP), which is one of the two major modules in modern 
phased array radars. We propose a simple but effective 
task allocation policy and a real-time scheduling algo- 
rithm to address the design objectives of SP’s. We are 
able to bound the number of processing units needed for 
a component-oriented SP in the design time, while ev- 
erything was done empirically in the past. A series of 
experiments were done to demonstrate the strength of 
our methodology. 

1 Introduction 

A phased array radar must search and track sus- 
picious targets in its surveillance space in a real-time 
fashion. There are two major modules in a phased ar- 
ray radar: Radar Control Computer (RCC) and Signal 
Processor (SP). RCC is responsible to scheduling radar 
beam transmissions for search and ‘tracking based on 
targets’ status and search types. On the other hand, 
SP must process returned signals in a real-time fashion. 
Although the design of a phased array radar must meet 
various real-time requirements, it is often designed with 
non-real-time resource scheduling mechanisms, such as 
FIFO scheduling [l]. The common reason in doing so 
is mainly because of hardware constraints and insuffi- 
cient knowledge of real-time technology. As a result, 
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much resource is wasted with a very limited guarantee 
on system performance. 

The development of component-oriented SP’s is 
strongly influenced by the Rapid prototyping of Appli- 
cation Specific Signal Processors (RASSP) program lead 
by the Department of Defense, United States of Amer- 
ica [17]. The RASSP program formalized an engineering 
process for developing SP’s to reduce the total product 
development time and cost by a factor of four. While 
a number of researchers have proposed highly efficient 
real-time scheduling algorithms, e.g., [12, 13, 19, 10, 111, 
little work is done for radar scheduling. The task mod- 
els and the work presented in [2, 5 ,  7, 10, 111 are among 
the few closely related to dwell scheduling at the RCC 
level’. The work presented in this paper is one of the 
first attempts in building a truly real-time SP. The 
traditional scheduling approaches for signal processing 
in SP’s are merely FIFO-like mechanisms which may 
let the signal processing seriously suffer from the pri- 
ority inversion problem and under-utilize the process- 
ing power of processing units. With virtually every- 
thing done and verified empirically in the traditional 
approaches, the system capacity of a traditional SP is 
usually hard to  estimate or estimated very conserva- 
tively. 

This paper addresses two major issues in the design 
of SP’s: (1) the schedulability of critical tasks under 
the minimum operation requirements, such as the pro- 
cessing of search signals. (2) the system capacity es- 
timation. In this paper, we propose a simple but ef- 
fective task allocation policy, which separates periodic 

Note that although researchers have explored the scheduling 
of SDF graphs for the SAR benchmark and other related sig- 
nal processing applications in the embedded systems and signal 
processing literature, the graph processing models are not directly 
related to real-time scheduling in SP’s, where SDF is the dataflow 
language used in the RASSP program and more related to RCC- 
level workloads. 
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and aperiodic workloads, and a real-time scheduling al- 
gorithm to process digital signals in a real-time fash- 
ion. We derive bounds for the number of processing 
units needed for a SP under performance specifications. 
Most importantly, we formalize the workload of a typical 
component-oriented SP for modern phased array radars. 
We must emphasize that this work represents one of the 
pioneer work in building the next-generation SP’s. In 
the past, virtually everything was done empirically. In- 
efficient resource allocation mechanisms like FIFO were 
adopted, and system capacity was very difficult to es- 
timate. Currently, we are building a SP prototype for 
the next-generation radar systems. 

The rest of this paper is organized as follows: Sec- 
tion 2 defines the system architecture of a typical SP 
and illustrates the idea of component-oriented SP’s and 
radars. Section 3 formally defines the workload of a typ- 
ical SP. Section 4 proposes our task allocation policy 
and real-time scheduling algorithm. We also propose 
bounds for the number of processing units needed for 
a SP under performance specifications. Section 5 pro- 
vides experimental results to  show the strength of our 
approach. Section 6 is the conclusion. 

2 System Architecture 

I SP I 

I Anteann 

I 1 I 

Figure 1: The hardware architecture of a phased array 
radar 

A phased array radar consists of several important 
modules: Radar Control Computer (RCC), Signal Pro- 
cessor (SP), Beam Steering Controller (BSC), Receiver, 
Antenna, and Transmitter, where a SP consists of 
an Analog Signal Processor (ASP), a Signal Process- 
ing Computer (SPC), and various processing units, as 
shown in Figure 1 [l, 7, 15, 181. RCC schedules dwell 
transmissions in a real-time fashion by sending SPC 
commands. When SPC receives commands from RCC 
for radar beam transmissions, it issues commands to 

BSC and aansmitter for radar beam transmissions in 
specified directions. When Antenna and Receiver re- 
ceive returned signals and pass them to ASP for analog- 
to-digital signal processing. The digital signals are 
saved at  the input buffer unit (IBU) for later process- 
ing. Processing units of a SP includes several types 
of processors, such as those for data processing, pulse 
compression, digital signal processing, etc, which are 
Vector Signal Processors (VSP) in the following para- 
graphs. Data Interconnection Network (DIN) is for data 
transmission between processing units and IBU. All pro- 
cessing units, IBU, and DIN are under the command of 
SPC, where SPC assigns each processing unit a signal 
processing job to meet the hard deadline of each in- 
dividual job. Commands in a SP go through another 
channel, such as VMEbus or Fibre Channel. 

IF IF 

IN. Intemal node 
IF: Interconnection Fabric 

Figure 2: A component-oriented signal processor 

With the advance of software and hardware tech- 
nology, a modern radar SP is no longer a complicated 
hardware system with everything wired. Instead, a SP 
can be made of many commercial-off-the-shelf (COTS) 
components, and the functions of many hardware com- 
ponents are now re-implemented by software algorithms 
[3]. A SP  can be considered as a collection of internal 
nodes, as shown in Figure 2, where an internal node (IN) 
can be an ASP, any COTS board (i.e., VSP) with mul- 
tiple digital signal processors (DSP’s), such as ADSP 
21060 DSP’s, or memory modules for IBU. 

The interconnection fabrics are communication chan- 
nels for data and command delivery. Network bridges 
can connect different groups of SP and related subsys- 
tems which work together. Various radar digital signal 
processing functions, such as pulse doppler processing 
(PDP), moving target indication (MTI), tracking pro- 
cessing, and monopulse estimation, are implemented by 
software modules executed on VSP’s, where each VSP 
may also be equipped with some special purpose pro- 
cessing units for time-consuming functions. Most im- 
portantly, different combinations of COTS replaceable 
VSP’s may result in different SP’s which may fit differ- 
ent radar system requirements. Also, as more power- 
ful COTS DSP boards appear, a new SP can be built 
rapidly by using them. 
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3 Workload Charat erist ics I Periodic 
Search 
Track 
Confirmation In phased array radars, RCC schedule radar-dwells in 

units called scheduling interval (SI) [l, 5, 81, where the 
length of scheduling interval is determined by various 
factors from the system specs and usually in tens-of- 
milliseconds. In the beginning of each scheduling inter- 
val, SPC receives commands from RCC, where the com- 
mands are dwell transmissions and their returned signal 
processing. SPC, which is in charge of the real-time re- 
source scheduling of the entire SP, must issue commands 
to BSC and Transmitter for radar beam transmissions 
in specified directions and prepare to schedule the pro- 
cessing of returned signals in a real-time fashion. In 
this paper, we will focus on the real-time processing of 
returned signals, which is the main duty of a SP. For 
the simplicity of presentation, we will use terms ”task”, 
”job”, and ”dwell” interchangeably. 

The incoming workload of a SP in each i th  SI 
can be formally defined as a collection of tasks Ti = 
{Ti,l, Ti,2, * * , Ti,ni }, where each task ~ , , j  is associated 
with three parameters ( r i , j , ~ i , j , d i , j ) -  r i , j , C i , j ,  and di,j 
are the ready time, the processing time, and the dead- 
line of the returned signal for the corresponding dwell, 
i.e., ~ i , j ,  issued in the i th  SI, respectively. Each task 
~ i , j  is assigned to a VSP to execute (or process) non- 
preemptively. In other words, once a task is assigned to 
execute on a VSP, the VSP is no longer available until 
the task is done. The processing time c i j  of task Ti,j 

includes the actual processing time of the corresponding 
signal and the data and command communication time. 

We are interested in a homogeneous SP environment, 
in which there are N identical VSP’s, and each inter- 
nal node is a COTS DSP board. The types of tasks 
in a phased-array-radar SP can be, in general, classi- 
fied as search, track, and confirmation tasks [l, 2, 5, 91: 
Search tasks are periodic tasks (issued by RCC), which 
periodically search moving objects in different direc- 
tions and elevation, such as the Horizontal Search and 
Volumetric Search [2]. Track tasks, which are used to  
track interesting objects, i.e., targets, in the surveillance 
space (by RCC), can be considered as aperiodic tasks 
because their periods may change frequently, depending 
on the target type, target position, target speed, system 
load, etc [l, 21. Search tasks may trigger the creation 
of track tasks on RCC through confirmation tasks. In 
other words, when suspicious targets are identified by 
search tasks on RCC, a confirmation task is created for 
each suspicious target. If a suspicious target is iden- 
tified as a real target, the corresponding confirmation 
task is removed, and a corresponding track task is cre- 
ated [l, 21. In other words, confirmation tasks are also 
aperiodic. Note that the precedence constraints of tasks 

{R. c.. ( S D  . SI), Ma+.  M i n .  K. P) Yes 
( * i , j  I Ct d i , j )  No 
( r i , j . C c . d i , j )  No 

Table 1: SP workload characteristics 

is handled at the RCC level. At the SP level, only in- 
dependent non-preemptive tasks are observed. 

With similar signal processing procedures, the pro- 
cessing time of each search task can be well bounded 
as a constant C,. Because of the same reason, track 
tasks (/confirmation tasks) also have a bounded pro- 
cessing time Ct ( /Cc)  [7]. The deadlines of search, con- 
firmation, and track tasks are a multiple of a SI because 
RCC and SP communicate with each other at a fixed 
and specified point of each SI [l, 51. In this paper, we 
consider a high performance SP which might have many 
track (/confirmation) tasks whose deadlines are as close 
as the twice of SI, and search tasks can be pushed to 
their extreme such that their deadlines might be close 
to a threshold value equal to SD times of SI. Further- 
more, the search tasks in many phased array radars of- 
ten have a common big cycle such that all of the search 
tasks in the system can be considered as a single search 
multiframe-like task [l, 71, where the execution time of a 
multiframe task varies regularly in consecutive periods 
[14]. Such an integrated single search task can be, in 
general, modeled (and well bounded) by the following 
seven parameters: 

T ~ e a r c h  - - {R, C,, ( S D  . S I ) ,  Max,  Min,  K ,  P }  

where in the first K periods, the search task will request 
Max identical non-preemptive jobs, and each of them 
is of the size C,. Starting from the (K + 1) period until 
the Pth period, the search task will request Min non- 
preemptive jobs ( M i n  < Max) ,  and each of them is of 
the size C,. The search task repeats for each P periods, 
where each P periods is called a big cycle. The relative 
deadline of each non-preemptive job is (SO . S I )  (from 
the beginning of its issuing SI). When there are x non- 
preemptive jobs 51, J2, . . . , J,  issued in a period, the 
ready time of the i t h  job is set as (R . i), It is because 
there is only one transmitter, receiver, and ASP such 
that signals are returned one after another. The first 
K periods of the search task is called the peak duration. 

The workload of a SP is summarized in Table 1. 
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4 Real-Time Scheduling of Digital Sig- 
nal Processing - A Case Study 

4.1 Overview 

The FIFO scheduling policy adopted in many tra- 
ditional SP’s may not be suitable to an advanced 
component-oriented SP because many hardware func- 
tions are no longer hardwired. The re-implementation of 
hardware functions in terms of software modules makes 
a highly flexible system architecture possible. Con- 
straints on (FIFO) data flow in many traditional SP’s 
can be substantially relaxed. In this paper, we will 
present our approach in building a modern real-time 
SP with a performance guarantee. 

A phased array radar must guarantee the minimum 
operation of the system which is often realized by pe- 
riodic tasks responsible of searching suspicious targets 
in the surveillance space [l, 71. As a result, for each 
scheduling interval (SI), RCC usually sends SPC a 
queue of tasks where the jobs of the search task are left 
in front of other tasks. The traditional FIFO schedul- 
ing policy unavoidably suffers from serious priority in- 
version problems for the jobs of the search task, where 
priority inversion is a phenomenon in which a higher 
priority task is blocked by a lower priority task. It is 
because track tasks which are not processed in the pre- 
vious SI might be scheduled before the new jobs of the 
search task according to the FIFO scheduling policy. 
If there is a burst of track tasks coming in the previ- 
ous SI’S, jobs of the search task may miss their hard 
deadlines unless a lot of processing units are deployed 
in the SP. Furthermore, the mixed scheduling of the 
search task, track tasks, and confirmation tasks also 
incurs great difficulty in analyzing the timing behav- 
ior of the system and in deriving the capability of the 
SP system with a specified configuration. It is because 
the arrivals of track and confirmation tasks are highly 
dynamic. In other words, a hard-real-time SP system 
under the traditional approach is very difficult to ver- 
ify its performance specifications. With its performance 
usually being verified empirically, engineers are forced 
to dump much more processing units than what they 
actually need. 

The purpose of this section is to first present a 
simple but effective task allocation policy in a typical 
component-oriented SP, which shows some useful prop- 
erties, and then apply the earliest deadline first (EDF) 
algorithm [12] in a three level priority scheduling frame- 
work to schedule SP jobs in a real-time fashion. The 
rationale behind of the separated EDF scheduling is to 
reflect the semantic importance of different tasks. Note 
that traditional FIFO scheduling policy cannot distin- 

U I R [ (SD.SI) I M a s  1 Min I K I P 
1 Parameters I O I 3SI I 3 1  1 \ 3 ( 6 1  

Table 2: Timing parameters of an example search task 

guish the importance of different jobs. We will then 
propose formula for radar engineers to derive the num- 
ber of VSP’s possibly needed for a radar SP. 

4.2 Real- 
Time Task Allocation and Scheduling 
Strategy 

4.2.1 Task Allocation Policy - a Rule of Thumb 

In a component-oriented SP, the processing time C, of 
each non-preemptive job of the search task can be much 
more than the length of a SI. On the other hand, the 
processing time of a track or confirmation task is much 
less than a SI. The relative deadline of track and confir- 
mation tasks can be as close as 2SI, while the relative 
deadline of the search task can be close to its big cycle, 
which is often much more than 2SI. As a result, the 
number of VSP’s in a SP is often more than the number 
of jobs issued by the search task in each SI during its 
peak duration. 

VSP I 
VSP 2 

VSP 3 
VSP4 
VSP 5 

t 2: I , 3  I : I 7 :  I 9 1 i 1121.- 
I 2 ’  I 

. . *  . .  . . .... . .  . . .  ! 4 , ’ i  ! ‘ . I !  9 . 1  . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  
1 1  
2 2 2  2 2  

2 1 ; 2 3 - 3 - 1 1  1 1  2 3 1 3 1  

Figure 3: The execution of the jobs issued by the search 
task when the jobs may run on all VSP’s, and C, = 
l$I. 

The task allocation policy is motivated by the follow- 
ing observation: Suppose that there are 3 jobs issued by 
the search task in each SI during its peak duration. Let 
the system consist of 5 VSP’s, and the ready time R of 
each job of the search task be zero (similar observation 
can be obtained even if R is nonzero). Assume that 
each job of the search task needs C, = laSI amount of 
processing time, as shown in Table 2. 

Figure 3 shows the executions of the jobs issued by 
the search task, where the search task has a higher pri- 
ority than other tasks, and a priority-driven scheduling 
policy is adopted. The jobs issued by the search task at 
the i t h  SI are marked by ”i”. Since the relative dead- 
line of track and confirmation tasks can be as close as 
2SI, we observe that the sum of available time for tasks 
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VSP I 
VSP 2 

VSP 3 
VSP 4 
VSP 5 

Figure 4: The execution of the jobs issued by the search 
task when the jobs only run on the three selected VSP's, 
and C, = 1$I. 

other than the search task within every two consecutive 
periods varies significantly. That is, the minimum sum 
of available time for track and confirmation tasks within 
every two consecutive periods is reduced. For example, 
the minimum sum of available time for track and con- 
firmation tasks happens at the second and third periods 
(the total is only liSI). On the contrary, if we pack the 
jobs of the search task as much as we can (on a small 
number of VSP's, which will be discussed later), and al- 
ways assign jobs to the VSP's which are available first, 
then the sum of available time for track and confirma- 
tion tasks within every two consecutive periods tends to 
have a less fluctuation (which is no less than 4SI), as 
shown in Figure 4. 

As astute readers may notice, when the processing 
times C, of the jobs of the search task are reduced, 
e.g., C, = liSI, the situation remains. It is obvious 
that when the processing times C, of the jobs of the 
search task is increased, e.g. C, = 2SI, the minimum 
sum of available time for track and confirmation tasks 
within every two consecutive periods is reduced to zero, 
compared to the situation when C, = 1;SI (A similar 
figure can be derived from Figure 3). In other words, 
critical track and confirmation tasks might suffer from 
"transient overload" and miss their deadlines, when jobs 
of the search task may run on all VSP's! 

When the processing time C, of the jobs of the search 
task is under SI, it is clear that the minimum sum of 
available time for track and confirmation tasks within 
every two consecutive periods remains the same, regard- 
less of whether jobs of the search task are scattered over 
all VSP's or not. However, we must point out that since 
the processing times of track and confirmation tasks of- 
ten divide SI, the job packing approach still tends to 
provide better performance on average because track 
and confirmation tasks are given entire SI'S under the 
packing approach. 

The observation in the previous paragraphs moti- 
vates a rule of thumb for task allocation in SP's called 
the Job Packing Policy, where traditionally approaches 
may have search jobs processed on all VSP's: 

Rule 1 All jobs of the search task should be packed on 
a collection of VSP's as much as possible. 

In the next section, we shall show that the well- 
known earliest deadline first (EDF) algorithm [12], 
which assigns a higher priority to any task with a closer 
deadline, is preferred in scheduling jobs of the search 
task over multiple VSP's. We must point out that we 
do not intend to claim that the above packing policy is 
an optimal solution in general (although some nice prop- 
erty with certain real-time scheduling algorithm can be 
proved later). The observation in previous paragraphs 
does suggest that the packing approach usually provides 
a less fluctuation in the amount of available processing 
time for track and confirmation tasks. We should also 
emphasize that the search task is the only periodic task 
at the SP level. With the workload separation of the 
search task and other tasks, the Job Packing Policy has 
an advantage in estimating and deriving the capacity 
of the system. As astute readers may notice, the above 
policy remains good when the ready time parameter R 
of the search task is not zero, where R is usually rel- 
atively small, compared to SI. Most importantly, the 
job packing approach provides a better way in estimat- 
ing the system capability in servicing search and track 
tasks, which will be elaborated in later sections. For 
the rest of this paper, we assume that jobs of the search 
task are allocated by the Job Packing Policy. 

4.2.2 A Three-Level Deadline-Driven Schedul- 
ing Policy 

In many phased array radars, periodic search tasks, 
which are responsible of searching suspicious targets 
in the surveillance space, usually have higher priorities 
than track and any other tasks at both RCC and SP lev- 
els. The minimum operation requirements often focus 
on the schedulability of the search task. The priorities 
of all SP tasks can be, in general, classified in the way 
that the search task has the highest priority, and track 
tasks have the lowest priority [7]. 

In this section, we shall show, as follows, that the 
well-known earliest deadline first (EDF) algorithm [12], 
which assigns a higher priority to any task with a closer 
deadline, is optimal in scheduling tasks (or jobs) of the 
same type in a non-preemptive fashion over multiple 
VSP's. EDF is applied under a greedy policy in which 
a job (or task) is always assigned to the VSP which is 
assigned to the task type and is available first. We call 
such policy Leveled EDF (LEDF). The VSP assigned 
to a task type is called a selected VSP for the task 
type. Note that track and confirmation tasks can utilize 
the available processing time of the search-task-selected 
VSP's left by the search task. We can show the follow- 
ing properties of LEDF: 
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Theorem 1 Leveled EDF is optimal in scheduling jobs 
of the search task over the selected VSP’s in a non- 
preemptive fashion. 

Theorem 2 Leveled EDF is optimal in scheduling con- 
f irmation tasks o n  the available processing t ime (left an 
scheduling jobs of the search task) of all VSP’s in a non- 
preemptive fashion. 

Theorem 3 Leveled EDF is optimal in scheduling track 
tasks on the available processing t ime (left in scheduling 
jobs of the search task and confirmation tasks) of  all 
VSP’s in a non-preemptive fashion. 

, I , ,  ; j j /  I I I  

I . ,  

VSP 1 I l l  2 I 3 I 4 I .... 
VSP 2 I l l  2 
VSP 3 I l l  2 I 3 j .... : 

i 3 ’  1 ‘ 5  1 .... n:Confirmationtask 
~ I I  

:Track task 

BSearch task VSP 4 

VSP 5 

Figure 5: A Leveled EDF schedule when the jobs of the 
search task only run on selected VSP’s. 

Example 1 A Leveled EDF schedule 
Let a SP system consist of 5 VSP’s, the peak duration 

of the search task have 3 jobs, and the ready time R 
of each job of the search task be zero. Suppose that 
each job of the search task needs C, = l$SI amount of 
processing time, as shown in Table 2. During the peak 
duration, the search task issues 3 jobs per SI. Outside 
the peak duration, the search task issues 1 job per SI. 
Let the processing times of a confirmation task and a 
track task be both equal to C, = Ct = :SI. 

VSP 1 

VSP 2 

VSP 3 
VSP 4 

VSP 5 

One m k  la& in UE Is1 SI misses iu deadline. 

u:Confirmation task 

:Track task 

0:Search task 

Figure 6: A Leveled EDF schedule when the jobs of the 
search task may run on all VSP’s. 

Suppose that 9 track tasks and 2 confirmation tasks 
occur at the first SI, and 3 track tasks and 2 confir- 
mation tasks occur at the second SI. Let their relative 
deadlines be 2SI. Figure 5 shows the execution of the 
SP scheduled by the Leveled EDF algorithm when jobs 
of the search task only execute on the first three VSP’s. 

All tasks and jobs meet their deadline. For compari- 
son, Figure 6 shows the execution of the SP scheduled 
by the Leveled EDF algorithm when jobs of the search 
task may execute on all VSP’s. It was shown that one 
track task issued in the first SI misses its deadline at the 
end of the second SI. Obviously, it is due to the Auctua- 
tion of available processing time left by the search task. 
0 

Note that although Leveled EDF is optimal in 
scheduling each individual type of tasks (/jobs) on a 
multi-VSP SP, it is, in general, not an optimal schedul- 
ing algorithm in the mixed scheduling of search jobs, 
track tasks, and confirmation tasks. Note that Dhall 
[4] showed that EDF is not optimal for multiproces- 
sor environments, and Mok [13] showed that real-time 
scheduling with mutual exclusion is, in general, NP- 
hard. We must also point out that a simple EDF policy 
may not be suitable in SP scheduling because the highly 
dynamic nature of the arrival patterns of track and con- 
firmation tasks may result in possible violations of the 
radar minimum operation, which is often on the schedu- 
lability guarantee of the search task. As astute readers 
may point out, when an admission control mechanism 
is provided to manage the workload of confirmation and 
track tasks, the schedulability of the search task might 
still be guaranteed, although the system capacity esti- 
mation might become complicated. However, we must 
emphasize that Leveled EDF is a simple and intuitive 
algorithm which results in an easy estimation of the sys- 
tem capacity and good performance (to be illustrated 
later). 

4.3 System Capacity Estimation 

The purpose of this section is to derive the bounds on 
the number of VSP’s needed to schedule digital signal 
processing under the Job Packing Policy and the Lev- 
eled EDF schedling algorithm to satisfy the minimum 
operation requirements. 

4.3.1 An Upper Bound 

Let N be the number of internal nodes assigned to the 
search task rsearch = {R, C,, ( S D  . S I ) ,  M a x ,  M i n ,  K ,  
P } ,  where in the first K periods, the search task will 
request M a x  identical non-preemptive jobs, and each of 
them is of the size C,. Starting from the ( K  -t 1) period 
until the Pth period, the search task will request M i n  
non-preemptive jobs, and each of them is of the size C,. 
The search task repeats for each P periods. The relative 
deadline of each non-preemptive job is (SDaSI) .  When 
there are x non-preemptive jobs J l , J 2 , .  . , J ,  issued in 
a period, the ready time of the i t h  job is set as ( R  . i) 

104 



from the beginning of the period. We can show the 
following theorems: 

Theorem 4 When C, 5 S I ,  the number of VSP’s 
needed for the search task is less than or equal to Max. 

We must point out that Theorem 4 only provides an 
intuitive idea on the maximum number of VSP’s needed 
for the search task. When C, = S I  and K = P,  the 
number of VSP’s needed for the search task is exactly 
Max. When C, < SI ,  the number of VSP’s needed 
for the search task is, in fact, a simple variation of the 
well-known bin packing problem [6, 161. Since C, in 
many systems is often larger than S I ,  we shall focus on 
the case when C, > SI .  We refer interested readers to 
[6,  161 for solutions of the bin packing problem. 

Suppose that the number of VSP’s reserved for the 
search task in a SP is N ,  and C, = S I  + ( X  R) ,  where 
X is a positive integer. For the rest of this section, we 
shall consider a practical case in which C, 5 2SI ,  i.e., 
( X  . R) 5 S I ,  and N < 2Max. Let J i , j  denote the jth 
job of the search task issued at the i th SI. Note that the 
ready time of j t h  job is ( j  R) from the beginning of its 
issuing SI, and ( M a x .  R)  5 S I  because jobs (including 
the MaXth job) issued in a SI must be ready inside the 
SI. 

Lemma 1 When K = P ,  J i , j  is allocated to the (([(i  - 
1) . Max + j - 11 mod N )  + 1)th VSP. 

Lemma 2 When K = P, and the number of VSP’s 
located for the search task is  ( M a x  + X ) ,  every job J i , j  
of the search task willfinish no later than (SI+(PMax+ 
X - j )  . R) from the beginning of its issuing SI. 

Proof. The proof of this theorem comes from the 
observation: Job J ( i - z ) , ~ , , ~  issued at the (i - 2)th SI 
must finish no later than the time ( ( ( i - l ) .S I )+(Max+ 
X) R) 5 ((i . S I )  + ( X  . R))  because ( M a x .  R) 5 SI .  
0 

Given the fact that C, > S I ,  the relative deadline 
of jobs of the search task is no less than 2SI.  We can 
show the following theorem: 

Theorem 5 When K = P ,  the minimum number 
of VSP’s needed for the search task is no more than 
( M a z  + X ) .  

Note that the bound ( M a x  + X) in Theorem 5 is 
pretty tight when K = P because every job fits in the 
right spot without causing any job issued in the next 
SI any delay in processing. If there is any bad delay, 
there can be a propagation of delays such that eventu- 
ally some search job will miss its deadline, regardless of 
how far the deadline is. 

Corollary 1 When K 5 P,  the minimum number 
of VSP’s needed for the search task is no more than 
( M a z  + X ) .  

4.3.2 A Lower Bound 

Theorem 5 and Corollary 1 provides a good intuition 
for the understanding of job packing on VSP’s, and an 
upper bound for the number of VSP’s needed for the 
search task is provided. We can show the following the- 
orems to derive a lower bound so that engineers may 
reduce the search range of the number of VSP’s needed 
for the search task. 

Theorem 6 When P = K ,  the number of VSP’s 
needed for the search task is no less than N i f  1-J 
c, 2 ( P .  S I ) .  

Proof. It follows from the fact that the minimum of 
the processing time needed on each VSP is [ P ’ M a z  F J  *CS, 

and it must be completed within each P periods. 0 

Theorem 7 When P > K ,  the number of VSP’s 
needed for the search task is  no less than N i f  
(1-J + I‘ 2 K Max  P-K .Min J) * c s  L ( P  * SI). 

5 Simulation Experiments 

5.1 Data Set and Measurement 

The experiments described in this section are meant 
to assess the capability of the Job Packing policy and 
the Leveled EDF algorithm in scheduling digital signal 
processing. We have implemented a simulation model 
for a component-oriented phased array radar SP. We 
compare the performance of the traditional FIFO-like 
scheduling mechanism (FIFO), the earliest deadline first 
algorithm (EDF), and the Leveled EDF algorithm with 
and without the Job Packing policy (abbreviated as 
LEDF-JP and LEDF) based on typical SP workload 
characteristics. 

The primary performance metric is the number of 
VSP’s, referred to as VSPNumber. The smaller the 
VSPNumber, the better the algorithm is. Note that 
a smaller number of VSP’s means a better system per- 
formance, and one VSP is capable of processing a large 
number of track tasks. 

The test data sets were generated based on typical 
SP workload characteristics. The number of search jobs 
per SI during the peak duration was 6, and the big cycle 
of the search task was 128 SI. (Note that since these two 
numbers were constants in our experiments, their values 
did not have any significant impact on the comparison 
of different scheduling algorithms.) We considered 0.2 
and 0.33 as the low and upper bounds of the ratio of 
the peak duration in a big cycle, respectively. We set 
0.25 and 0.5 as the low and upper bounds of the ratio 
of job numbers in the peak and normal duration. The 
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deadlines of each search job and each confirmation task 
were set as a reasonable number 6 SI. The deadlines of 
track tasks were generated by a random number gener- 
ator in the range between 2 SI and 30 SI. 1.5 SI and 2 SI 
were the low and upper bounds of the processing time 
of a search job. 0.25 SI and 0.33 SI (/0.125 SI and 0.25 
SI) were the low and upper bounds of the processing 
time of a confirmation (/track) task. The experiments 
simulated task sets with a number of tracks between 
400 to  4,000, which represents a range of 4 to 40 tracks 
per 10 SI, where the arrival pattern of a track task has 
a Possion distribution with a mean equal to 100 and 
a variance equal to 100. The ratio of track tasks and 
confirmation tasks was about 4. Each task set was sim- 
ulated for 40,000 SI. 10 task sets per track workload 
were tested, and their results were averaged. 

The simulation experiments repeated for each 
scheduling algorithm for the minimum number of VSP’s 
under each given workload. If a scheduling algorithm 
can not schedule a given workload under a specific num- 
ber of VSP’s, then the number of VSP’s was increased, 
and the same simulation repeated until the workload 
was schedulable. 

5.2 Experimental Results: System Capac- 
ity 

We considered workloads with and without confirma- 
tion tasks. Workloads without confirmation tasks were 
for a fully loaded phase, where no new target tracking 
could be afforded. Workloads with confirmation tasks 
were for a normal phase. Experimental results in Fig- 
ures 7 and 8 considered a fully loaded phase. Figure 9 
considered a normal phase. Because of limited space 
and similar results, other experimental results were not 
included here. 

Figure 7.(a) and (b) show the number of needed 
VSP’s (for LEDF-JP, LEDF, FIFO, and EDF), when 
the processing times Ct of a track task were equal to 
0.25SI and 0.125S1, respectively. When the number of 
tracks per 10 SI’S increased, the performance difference 
between real-time scheduling algorithms, such as LEDF- 
JP and EDF, and traditional scheduling policy FIFO in- 
creased. The performance of LEDF-JP and EDF were 
similar, and they were better than LEDF (which did 
not consider job packing), especially when the work- 
load ratio between search jobs and tracking tasks was 
high (i.e., when the number of tracking tasks was small). 
Note that one additional VSP could much improve the 
capacity of the system in terms of the number of track 
and confirmation tasks. We must also emphasize that 
EDF does not consider the semantic importance of tasks 
in digital signal processing and might suffer from the 
burst of the arrivals of track and confirmation tasks. 

The results shown in Figure 8 were similar to those in 
Figure 7, except that the processing time of a search job 
C, = 1.5SI. Because C, was smaller in Figure 8, the 
number of VSP’s needed for each scheduling algorithm 
was smaller. 

When confirmation tasks were considered, Figure 9 
shows the number of needed VSP’s (for LEDF-JP, 
LEDF, FIFO, and EDF), when the processing times Ct 
of a track task were equal to 0.25SI and O.125SI1 re- 
spectively. Note that the experiments in Figures 8 and 9 
only differed in the consideration of confirmation tasks. 
Obviously, when a normal phase was considered, the 
advantage of the Job Packing policy was shown. Real- 
time scheduling algorithms still greatly outperformed 
the traditional FIFO-like algorithm. The performance 
of LEDF-JP was close to that of EDF. In general, the 
performance differences of simulated algorithms were 
similar, when C, and C, were larger. 

We conclude that real-time scheduling algorithms did 
greatly improve the performance of SP, compared to 
the traditional FIFO-like scheduling algorithm. The 
Job Packing Policy improved the SP performance sig- 
nificantly. Note that although the improvement on 
the number of VSP’s was small, the increased number 
of tracking tasks was large. Here, it was shown that 
LEDF- JP provided reasonable performance, compared 
to EDF, where EDF may not be suitable in real-time 
SP scheduling because it could not meet the radar min- 
imum operation requirements. 

6 Conclusion 

This work is one of the first attempts in building a 
truly real-time SP for the next-generation phased array 
radars. We target the two most important issues in the 
design of a typical component-oriented SP: the schedu- 
lability of critical tasks and the system capacity estima- 
tion. We first formalize the workload of a component- 
oriented SP for modern phased array radars. We then 
propose a simple but effective task allocation policy, 
which separates periodic and aperiodic workloads, such 
that the number of processing units needed by a SP can 
be better bounded. We present a three-level EDF-based 
scheduling algorithm to reflect the semantic importance 
of tasks and to process digital signals in a real-time fash- 
ion. We also derive bounds for the number of process- 
ing units needed for a SP under performance specifica- 
tions. We must emphasize that virtually everything was 
done empirically in the past. Although researchers have 
started considering real-time scheduling at  the Radar 
Control Computer (RCC), e.g., [2, 5,  7, 10, 111, little 
work has been done in real-time scheduling of digital 

106 



signal processing at the SP level. Inefficient resource 
allocation mechanisms like FIFO were adopted in the 
traditional SP design, and the system capacity was very 
difficult to estimate or estimated very conservatively. 

This work is one of the pioneer work in building the 
next-generation SP’s, especially with real-time technol- 
ogy. The strength of our methodology is verified by a se- 
ries of experiments, for which we have very encouraging 
results. Our proposed methodology has a performance 
close to the powerful EDF algorithm and, a t  the same 
time, follows the semantic importance of radar tasks and 
provides bounds on the number of VSP’s needed for a 
SP under performance specifications. We must point 
out that a simple EDF policy may not be suitable in SP 
scheduling because the highly dynamic nature of track 
and confirmation tasks may result in possible violations 
of the radar minimum operation requirements (which 
is often on the schedulability guarantee of the search 
task). EDF with an extra admission control mechanism 
on confirmation and track tasks might also complicate 
the system capacity estimation. 

For the future work, we will tune up our methodology 
for radar systems of different scales and goals. We will 
start designing a multi-SP radar system and propose 
methodology in integrating task scheduling at RCC and 
SP levels. We shall also explore mechanisms for overload 
management. 
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Figure 7: The ratio of the peak duration in a big cycle = 0.2, the ratio of peak and normal workload = 0.5, C, = 2SI. 
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Figure 8: The ratio of the peak duration in a big cycle = 0.2, the ratio of peak and normal workload = 0.5, 
C, = 1.5SI. 
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Figure 9: The ratio of the peak duration in a big cycle = 0.2, the ratio of peak and normal workload = 0.5, 
C, = 1.5SI, and C, = 0.25SI. 
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