Evaluation of Delay Queuesfor a
Ravenscar Hardware Kernel

Gustaf Naeser Johan Furunas
Dept. of Computer Science and Engineering Dept. of Computer Science and Engineering
Malardalen University Malardalen University
Sweden Sweden
gust af . naeser @h. se j ohan. f urunas@rdh. se
Abstract of the hardware the kernel is running on. We have chosen to

study an RTK implemented in hardware partly to avoid the

In this paper we present and evaluate four delay queuesdouble analysis required by a software RTK and partly since
designed for application tailored Ravenscar hardware feal we want to create a platform where we easier can move parts
time kernels. The properties of the different queues and op-of the system between hardware and software. An impor-
timisations of them are discussed and both formal modelstant property of the system parts placed in hardware will
and actual hardware implementation of the queues are pre-be their area requirements as small area usage allows more
sented. A transformation from timed automata to VHDL is software or processing components to be placed in hard-
described during the translation of the timed automata of ware. Placing kernel functionality in hardware can improve
the formal model into the corresponding VHDL state ma- the execution speed of the kernel [9]. Some problems that
chines. Our study of the queues shows that even thougtexist in software kernels can be avoided in hardware ker-
parallelism costs much in terms of chip area, there are sys- nels. For example, as clock functionality can be integrated
tem configurations where it is the most space conservativein the kernel rather than used as an external component,
We also show that the queues meet the timing requirementshe clock inaccuracy problem can be eliminated. The times
of Ravenscar and that they can be fitted onto an FPGA.  used for kernel operation in a hardware kernel can by analy-
sis of the synthesised hardware be decided on kernel clock
cycle level, i.e. with extremely high precision. Execution
time analysis often focus only on the task level sequential
code where most time is spent. Kernel times, accounting for
a fraction of the time spent in a system, is often neglected

Establishing the temporal behaviour of a real-time sys- and this analysis is enough for most real-time applications
tem remains a complicated challenge since it depends noowever, timing analysis without consideration of the ker-
only on the application but also on the performance of real- ne| is not sufficient for safety critical systems where a bigh

time kernel (RTK). The RTK performance depends on the |eve| of detail is required to secure correct operation.
scheduling the kernel describes, the algorithms used, and

the hardware used to implement the RTK. Knowledge of the
kernel's performance is required for more accurate calcula
tions of the full system’s (application’s and RTK’s) tempo-
ral behaviour. A tasking profile defines the behaviour the
system, and hence the kernel, should exhibit.

The Ravenscar profile [3] defines a deterministic profile
for Ada tasking to be used in high-integrity real-time sys-
tems [4]. The profile restricts the use of programming con-
structs that complicates the temporal behaviour of a system
Still, the need for analysis of the kernel times and identifi-
cation of them in a Ravenscar kernel remains, as presente
in [17,18]. Analysis of a RTK implemented in software in- The Open Ravenscar Run Time Kernel(ORK) [13, 14]
volves calculating the timing not only of the kernel but also also implements the Ravenscar profile. Dynamic valida-

1 Introduction

Formal verification is used to ensure that the behaviour
of a model of a system conforms to its specification. Us-
ing formal methods for verifying parts of kernel functional
ity during its design can help eliminating design flaws and
give better knowledge of system operation [2,5, 16]. A for-
mal model of a Ravenscar kernel (Lundgvist and Asplund’s
Model of Ravenscar, LAMR) was been presented in [7] and
an implementation of it was presented in [15]. The kernel
model we use in this paper is a refined version of LAMR
with a clearer component design and extended functional-

gy, e.g., support for multiple processors.



tion by software faults injection of ORK is described in [8] makes the ready-queue remove the task from the run-
where verification of an implemented kernel is attempted. ning tasks and preempt it from the processor where it
This approach does not suit the kernel described in this pa- is running.
per since the kernel we describe is specialised for the fi- ) )
nal system’s actual characteristics. For example, theydela 3+ When the release time of a task is reached, the ready-
queue can be specialised for the actual task setup when the ~ dueue is signalled to make that task runnable again.
number of delaying tasks is known or easily can be decided
using code inspection. This kind of optimisations will help
not only to reduce the size both of the final hardware imple-
mentation but also the size of the states saved during verifi-
cation and allow for larger systems to be verified.

The design of the queues was first made rPRAL [6],
in timed automata, where queue operation could be veri-
fied with other kernel components and a models of high-
integrity applications. The queues, and the rest of the ker-

Table 1. Delay queue interface description.
The input interface contains the signals that
the delay queue will react to and the output
interface contains those signals used to up-
date task states in the ready-queue.

nel, are part of a project aiming for analysis of the temporal (@) Input signals consumed by the delay queue.

properties of safety critical systems that are implemeinted delay(l;a, Delay task7 with identity id,

both hardware and software. Though there are some tools | time) T;q, until time is reached.

for hardware analysation [11,12], the ability to analyse th tick Signaled when the system clogk

temporal behaviour of the full system, where not the whole increase.

system resides in hardware, made us design the queues in

the UPPAAL tool. The transformation of the timed automata (b) Output signals produced by the delay queue.

to VHDL and implementation metrics of the FPGA imple- suspend(;,) RemoveT}, from ready-queue.

mentations are discussed later in the paper. unblock(l}) PUtT, last within its priority.
runnable(;y) Signal thatT;,; ready to run.

2 A Ravenscar Delay Queue

The real-time kernel in a real-time system manages the ) )
system resources, like processor allocation and the atess | "€ resources the delay queue uses to store information
shared objects. The different tasks of the kernel can be im-aPoutthe delayed tasks and the way in which it monitors the
plemented in separate components, like the ready queue, thEE!e@ses are varied in the different queues models describe
delay queue, the protected objects handler and the interrupb_elow' The varle}non gxplores different runtime charaster
handler. This separation makes it easier to modify the de-licS Of the described interface.
sign and implementation of each individual part of the ker-
nel to meet a system’s specific demands and requirements3 M odels
The desired properties of the components are the same as

those for a software kernel's components, i.e. high speed The UppaAL tool contains an editor, simulation tool
and small size. The timing properties of the differentkérne and verification tool for timed automata. The timed au-
components is also important since they will impact on the tomata consists of labelled transition systems with ting an
level of possible parallelism, a slower component can be-can contain clocks, boolean variables, integer variabies a
come a bottleneck if interacting components operate faster synchronous channels. Shared variables and synchronous
The interface of the delay queue is shown in Table 1. The channels can be used to communicate data and control be-
basic operation of the delay queue is as follows: tween automata. The value of variables are initiated to-noth
1. When a task is delayed a preliminary quick check to ing_, Z€ro, f_alse, etc. Ea_ch auto_mata cc_)nsists of an indial |
decide if the task will be suspended is done. If the c_atlon, |nd|cate_d_ by an inner circle, af|>_<ed number of loca-
delay-time is right now or in the past, the task should t!ons and transitions between the.Iocatlons. In the explana
 tion of the queues below the notation-A— n, represents a
transition from location nto location n. Transitions con-
tain guards, synchronisation and assignments. An automata
can take a transition from a state if the guard on the tran-
sition is satisfied, any synchronisation on the transit®n i
2. If the delay-time is in the future the task should be possible. When a transition is taken the assignment part of
suspended and a suspend is signalled. Suspensiothe transition is executed. During a synchronous step,evher

not be suspended and this is signalled with an unbloc
On receiving an unblock the ready-queue will move
the task to the last position among tasks that have the
same priority.



two automata communicate over a channel, the assignmenttayed tasks is stored can be managed in two ways, either as
of the sending task are made before those of the receiv-a sorted queue ordered by the closeness of the tasks’ release
ing task. A transition can at most synchronise one chan-or as an array indexed by the task identities. The two forms
nel. An exclamation mark after the channel name is usedof storage prompts the work of the queue to either be more
to indicate that the channel is used for sending and a queswhen delaying, the queue, or when releasing, the indexed
tion mark is used to indicate reception. A late addition to array. A delay queue using a sorted list will have to re-sort
UpPPAAL was the introduction of broadcast channels where the queue of delayed tasks when a task is delayed whereas
one sender synchronise with multiple receivers. Locationsan indexed queue will have to find the next task to release
can be marked as committed or urgedtrespectiveu), to whenever a task is released. The sorted queue can at the
force specific temporal behaviour. Committed locations are time a task is delayed be made to respect the order in which
used to create atomic chains of transitions. and an automatshe tasks are released and implement, e.g., FIFO or a prior-
in a committed location must leave the location before any ity release policy. An indexed array cannot keep this kind of
other transition (that is not committed) may be taken in the information and will hence release the tasks in some kind of
system. Committed locations can be used to synchronisadentifier indexed order. However, a priority based release
over multiple channels in a chain of transitions. Urgent lo- can be achieved by ordering the task identities in priority
cation indicate that outgoing transitions from the locatio order. Note that the first position of the arrays is not needed
have precedence over time transitions. Time transitions ca since the task id zero is reserved for null processes (which
be taken whenever there are no automata in committed owill not delay).

urgent locations that can take transitions. (Timed transi- The amount of parallelism that can be imposed on the
tions are not used in the models presented here.) Failure ikernel will reduce the time kernel components can be
reported during verification or simulation if an automaton blocked by each other but introduce the possibility of com-
cannot leave a committed location. munication delays. However, parallelism must be used

The verification part of BPAAL is used to explore user ~carefully since itincreases the amount of chip area the-hard
defined properties in all possible executions of a given sys-ware implementation will use.
tem. If a property cannot be verified (proven correct) a  To ensure the correct operation of the different delay
counter proof can be explored in the simulator part of the queues, their behaviour were formally verified. The ver-
tool. Keeping the size of the kernel components down al- ification used models of the other kernel components and
lows larger systems to be verified. There are parameterssample application systems. After having passed the formal
that can be changed to optimise the implementation sizeverification the designs were transformed into VHDL and
of the delay queues) the size of the stored delay times, finally synthesised for a FPGA. The initial mod&); be-

b) how the delays are stored, anfthe amount of paral- low, was designed for verification with no thought of hard-
lelism used. The behaviour of the queue, i.e. if and whenware synthesis. It was used for experimental verification
the queue will cause unwanted stalling of the RTK dependsof application properties, it was suspected to use too much
on if work is done when delaying or when releasing, and hardware resource to be useful in real systems. The proper-
again the amount of parallelism used. Some of the parame{ies governing the queues resource usage were distilled and
ters depend on each other and some combinations make nexplored in reasonable combinations as shown in this paper.
sense, e.g. sorted arrays with the work at release time. The

models we present below explore different combinationsof 3.1  Delay queue 9,

the parameters.

The delay times, can be stored and useals®lute times The first delay queue design, shown in Fig. 1, uses an
or asdelta times An absolute time7', is the actual release  indexed array of absolute release times. The computation
time of the task and, as discussed in [19], requires a mini- needed to delay a task is minimaly A—n, — n,, the
mum of 41 bits to represent the 50 years at 1 ms resolutionqueue writes the release time in the position correspond-
required by the Ada Reference Manual [1]. However, the jng to the task in the array DQd. The queue records the
number of bits required can be reduced in a system of pe-index of the task with the closest release time, in the vari-
riodic tasks where the cycle times of all delaying tasks are gple next. If there are several releases at the same time the
known. A delta time)r, represents the number of ticks one with the lowest identity is stored. When the release
remaining until the release of a task and can be used withtime of next is reached on— ny, the task scheduled to be
countdown timers to delay tasks. A safe estimation of the released then is made ready to run and the array is searched
number of bits needed for the delta times is the number oftgr the next task to release. In the first delayed task is
bits needed to represent the cycle time of the task with thefound and set to be the next task, and then further search-
longest period. ing is continued in p. If several tasks are scheduled to be

The array (or queue) where information about the de- released at the same clock tick the queue will release all



of them, . — ny — n3. Tasks released at the same tick DQUfl>1,

are released in index order to enforce a deterministic behav Dodf=DQll-1,
iour of the releases. As will be discussed in Section 6, this oQa=L, Dodi=—t
forced order makes it possible to easily achieve better per- DQUIT=DQd}-1 DQd(=0.
formance. Ticks from the clock will initiate no action if no

Rt:=i
task is scheduled to be releasegl;-A- ny. suspend!
DQU[Rt]:=Rd-time

delay_until?

i<ent_t
i++

DQU[i]==0,

delayed, Rd >= DQd[next], Rd > time de-)}imﬁ <=0 i<cnt_t
suspend! unblock! i++ o
DQd[R{]:=Rd, i==cnt_t

delayed,
time >= DQd[next]-1
tick?

delayed++
!delayed or Rd < DQd[next] or
(Rd == DQd[next] and Rt < next),
Rd > time

suspend! Rd <= time
next:=Rt, unblock!
DQU[Rt]:=Rd,

delayed++

delay_until? Rt:=next, DQd[next]:=0, .
e rertag, Figure 2. UPPAAL model of Q.

delayed-- n2

s 3.3 Delay queue Qs

tick?

Idelayed
next:=0

runnable!

time >= DQd[next]
Rt:=next, DQd[next]:=0,
next:=0,

delayed--, i:=1

i>cnt_t,
DQd[next] != time
=1

The third queue, see Fig. 3, is a parallelised version of
Q> where each delaying task gets a countdown timer of it
o own. Parallelism is used to minimise the time used by the
kernel to delay and release the tasks. The delay queue func-
tionality is achieved by the work of all the counters running

e < Do, L delayed, IDQ[) in parallel. The location to the left of the initial locatiog
i is used if a task tries to delay to a time not in the future,
and the locations to the right of rre used if the task is de-
Figure 1. UPPAAL model of Q;. layed. When a task is delayed, the- for the delay is calcu-
lated and stored in a time counter, activating the automaton

The worst release case for a single task occurs in the casqhe individual values of active counters are decremented on

where all task are scheduled to be released at the same timgvery clock tick, B — nz. When the release time for a task

and the task with the highest index would be released afteris reached, the counter releases the task and returns to the
the release of all other tasks. This property is the same forjnitial location.

time < DQd[next], i <= cnt_t,
DQd[i], DQd[i] < DQd[next]
next:=i, i++

delayed, DQ[|]
next:=i, i++

all queues.
The expected area requirements for the queue is propor- time < Rd
tiong! to the si.ze of the number of delaying tasks and some 53:; time_ ﬁiﬁ{ﬁ{i};‘ﬁ_ﬁme ©._ suvend 4=z
additional variables used to remember the number of cur- = d--
rently delayed tasks and next. 0
y y ™ unblock " runnablel~(O) d==1 "
Rt:=t n4 tick?

3.2 Delay queue 9,

The second delay queue, shown in Fig. 2, manages de- Figure 3. UpPAAL model of Q.
layed tasks by using a time counter for every delayed task.
Each position in the array DQd holds a counter for the as-  Location ny is urgent (and not committed) since there
sociated task. The counter for a task is set to the delta timecan be several delay queues contending to release their de-
Ar, when the task delaysyr— n; — ngy, and all stored layed tasks at the same time. In the model presented here
delta times are decremented by one at every system clockhere is no way to enforce a specific release order of tasks
tick, in the transitions leading to and from location ffask released at the same tick. TheeAAL tool will explore
associated with &\ decremented to zero during the tick all possible executions of the releases. If the tasks are of

handling are released using transition-n- n3. When all the same priority this will introduce a temporal behaviour
positions in the array have been processed the automata rexhich can be calculated, though undesired. Ways to han-
turns to its initial location and waits for the next tick. dle the releases are discussed in the final discussionssof thi

The expected area requirements is lower than th&@,of  paper.
since delta times are used rather than absolute times. No The area used by each individual queue is minimal but
attempts to improve the queues performance by tracking thearea will be needed to accommodate one automata for each
lowest and highest indexes of the delayed tasks has beemask that delays. As will be shown in the section on imple-
attempted since the mechanisms for tracking them are likelymentation Section 4, the area cost for the parallelism ig ver
to be a waste of valuable chip area. high.



delayed > 1,

runnable! Rt:=DQt[next],

3.4 Delay queue 9, The basic translation of theRpAAL automata to VHDL
finite state machines (FSM) is straight forward but con-

The fourth delay queue, see Fig. 4, uses two memory ar-Structs like lPPAAL’S channels, urgent locations and com-
rays. The DQt array contains the task queue and the DQdmitted locations are not present in VHDL and these con-
array is used to store delta times. The delta times repre-Structs have to be handled with care. A transition from
sent the time to release tasks once a task is the next task t§n urgent location should be taken before the next system
be released. Every time a task is delayed the queue take§lock tick and this can be accomplished if the implementa-
Ny — ny. If the task is the only task that is delayed the tion makes sure that the state machines finish urgent parts
transition back to the initial state is taken. If there are de Within a system clock tick. The way we have ensured this
layed tasks the new task should be queued in DQt accordiS by having the clock speed of the kernel run so fast that
ing to its delta time. DQt is a circular queue whose head is all work in a finite state machine (FSM) can be completed
pointed at by next and the position where the delayed taskWithin time. As described in Section 3, committed loca-
should be inserted is found using A— n,. When the in-  tions are used for atomic transactions, e.g. in thrPAAL

sertion position has been found all tasks to the right ofét ar model of @y, Fig. 1, the transitionsgt— n, — n3 form
shifted right, B — ns. When the delta time of a next is an atomic chain where the automata first receives over a

reached, §— ny, all tasks delayed to the same time will channeland then sends over a channel. This behaviour can

be released using,n— n;. be optimised in the implementation by using separate Rt for
input respectively output, cf. Rt and rd3t in Table 2. We
JI— T — have chosen to translate the communication and synchro-
Siapoe F> tme oo 1 o nisation channels of BPAAL into a call-and-acknowledge
DQt[0]:=Rt, DQd[Rt]:=Rd-time, d-=| Qd[DQl[l]{ i:=(i+1)%cnt_t t:=n, i:=(i+1)%cnt_t . . H H
elayed  delayed=1 next=0 _ protocol, shown in Fig. 5. With our translation the tran-
DQYDpex-1 unblock s sition ny — ny corresponds to a delay call ang A— ny

DQA[DQt[next]]--

corresponds to an acknowledge, i.e., the call has been han-
dled. In this case the call is handled ip; mdditional lo-
cations needed before the acknowledgement should replace
n,. Transition B — ny is used to complete the commu-
urnapil RS e r}icaf[ion/synchronisation sequence. An altern_ative tear)s
DQnext}=0, DQUIRY:=0,  next:=(next+1)%cn L, BGil~, DQalg =, tion is the more complex channel implementation described

next:=(next+1)%cnt_t, delayed-- n:=0, t:=0, delayed++

delayed-- |n [15] .

delayed,
Rd > time
iz=next,
d:=Rd-time,
t=Rt

d < DQA[DQ]i]] or
(d == DQA[DQI[i]) and t < DQ[i])
DQ[DQt[i]]-=d,

DQd[t]:=d

i == (next+delayed)%cnt_t
suspend!

DQt[i]:=t, DQ[t]:=d,
n:=0, t:=0, delayed++

delay_until?

delayed,
DQA[DQt[next]] == 1
tick?

delayed == 1 or
DQA[DQ[(next+1)%cnt_{]]
1DQA[DQt[(next+1)%cnt_t]]  runnable!

|

Figure 4. UpPPAAL model of Q.

delay ” delay_end:=1 <
A possible area optimisation for this queue is if the great- ——Ldjfyye"d:_o

est number of tasks that can be delayed at a single time is )

known. If the maximum number of simultaneously delayed
tasks is known the DQt array can be reduced to at most ac-
commodate this number of tasks. A possible speed optimi-
sation is to check if the array should grow at the beginning ~ Delay queue designg,, Q- andQ, use arrays to store
ing the task identities to the left is preferable if the task t target technology we use, arrays can be implemented with

be inserted is among the/2 tasks with the closest release registers and/or with block ram memory. A register imple-
times. mentation is larger since it requires a register to be coded i

the FPGA while a memory implementation can use memory
. blocks the FPGA already have. The performance penalty
4 Implementation for using a block ram, where an access takes one clock cy-
cle, instead of registers, where an access takes zero clock
The UrppAAL models of the four delay queues were man- cycles, in Virtex2Pro is not significant in our case. An ex-
ually translated to VHDL state machines with extra glue ample of how we handle block ram accesses is showed in
logic, e.g. for communication, and then synthesised to theFig. 6. Transition g — n; is the DQt[next] access and
target device. The Xilinx ISE Foundation 6.2.03i tool [20] transition B — ny is the DQd[DQt[next]] access. The last
was used for synthesis and the target device was a Vir-transition B — ns is the DQt[next]:=0 access. In other
tex2Pro2vp7f f 672- 7 FPGA [21]. The FPGA has an words, we try to set the address in advance to not lose an
on-chip PowerPC [10] processor on which the actual tasksextra clock cycle and when that is not possible we insert an
are run. extra state.

Figure 5. State graph for communication.



n0 nl n2 n3
O O
address_DQd:=data_DQt, data_DQt:=0,
write_n_DQd:=1 write_n_DQt:=0

Table 2. Hardware signals/busses.
(a) Signals

address_DQt:=next,
write_n_DQt:=1

tick Clock signal generated at system level
Figure 6. State graph for assigning the value 0 frequency that decides the delay acc¢u-
to DQA[DQt[next]],DQt[next] racy available to the application.
delay Signal triggering the state machines |to
insert a task (Rt) with delay time (Rd).
Areset state, shownin Fig. 7, looping through arrays and | delayend| Signal to synchronise with a busg-
initialising variables has been introduced to initialiserm interface that a delay call has finished.
ory arrays. This state implementsPBAAL’s initialisation runnable/| Signals used to request the ready queue
of its variables but is not shown in the state graphs of the suspend/| (scheduler) to make a task runnable, |to
different queue implementations, e.g., Fig. 8. unblock | inform that the task was suspended, of to
signal the the task was unblocked, i.e.,
. daga‘Dqgo;o that the task should be placed last within
SidteseDodr 0T oy wenDQuR0 g its priority in the ready queue.
—=0— —=0 . .
SK rdy_end | Signal from the delay queue to inform
e-n_DQd: that a runnable/ suspend/ unblock fe-
qguest has finished.
Figure 7. State graph for reseting the  DQd ar-
ray. (b) Busses
time The current system time. The systgm
time starts from zero and is increased at
The hardware signals/busses described in Table 2 are a every clocktick.
translation of the component design interface shown in Ta- | Rt Task identity of the task that perform|a
ble 1. The reset and clock signals that resets respectively delay call.
.cloc.ks the FSM§ are not mc]uded since they ggnerally ex- rdy Rt Task identity of the task that will bé
ists in any FSM implementation and do not contribute to the
understanding. runnable/suspend/ unblock.
Rd Absolute delay-time the task should be
4.1 Delay queue Q, dglayed until. Queues tha'F use delta time
will subtract the system time from this
The implementation of; consists of the FSM shown time to getAr.

in Fig. 8. The state machine basically has the same states

as the WPAAL model, cf. Section 3.1, and block memory is

used to implement the DQd array. The transitigna- n;
is replaced with ig— iny — in5 to implement the call

storing DQd is implemented by introducing an extra loca-

and acknowledge protocol. The extended parallelism of thetion in the FSM.

implementation allows Ridy to be set to runnable when the
Rt value is received, allows;n— ny to be translated into
iny — in3. AddressDQd replaces the temporary i variable
used for looping in the BPAAL model. Since addred3Qd

is cntt bit wide, transition B — ny has been changed to
handle the fact that addreB¥Qd can’t be greater than cht

4.2 Delay queue Q,
The implementation o8- is similar to that ofQ,. The

state machine has basically the same states thathe
model has, cf. Section 3.2, and like the FSM & it uses

4.3 Delay queue Qs

The countdown timers of the third queue design is imple-
mented using the finite state machines shown in Fig. 9. One
of the state machineg,SM,, with locations ip—ins, is an
interface for distribution of delayed tasks to their detich
state machine. The dedicated state machines are described
by machinel’S M,,, with location imy. FSM,, calculates
Ar and performs thé\r checks to decide if a delaying task
should unblock or suspend.S M, also informs the ready
gueue when a task’s delay time has expired and the task

block memory to implement the DQd array. The implemen- becomes runnable. ThESM,, i.e. ip,, serialise the run
tation also uses the same variable and location elimingtion signals from the?’S M,,,s for F'SM,,. EachF'SM,, imple-
as described fo@;. The cycle need to access the ram block ments a register counter, which is decremented at each clock



delyed R = tme, 1oy et and access the same block will be another implementation
addressil‘)deiRl unblock:‘:o,v

data_DQd:=Rd, write_nDQd:=1 Of QQ'

write_n_DQd:=0, delayed,

delayed++, rdy_RE=R, Irdy_end, time >= next_time-1,

suspend:=1 Isuspend, tick
Helayed or Ra <nex_tme, Y ey e iﬂiﬁ?é;"ff’ ' 44 D€ ay queue 9y
> time, delay data_DQd:=0,
:zi::_:t:?n:'e::Rd, deay » \:]veri(e;rgn.:o,
\tid::DQI;IiD:I?dORt e e o The FSM created while implementir@y, closely resem-

delayed++, rdy_Rt:=Rt, 2

suspend:=1

Rd <= time
unblock:=1,
rdy_Rt:=Rt

bles the automaton in Fig. 4. Both the time-counter and

task-queue array, DQd and DQt, are implemented in block

address_DQd:=0, memory

we-n QA The same variable and location eliminations described

for @, and Q, are used and extra locations are added to

handle the extra clock cycles needed when accessing the
DQd and DQt memories.

Irdy_end,
!runnable,

address_DQd==cnt_t or
Idelayed

address_DQd == cnt_t,
data_DQd>0,
time<data_DQd,
fERDadea bl

next_time:=data_DQd

address_DQd == cnt_t,
data_DQd==0 or

data_DQd>=next_time
address_DQd:=next

Irdy_end,
!runnable,
delayed,

address_DQd<cnt_t, address_DQd<cnt_t

data_DQd>0,
time<data_DQd,
i el
next_time:=data_DQd,
address_DQd++

data_DQd>0,
time >= data_DQd
rdy_Rt:=address_DQd,

"3 5 Results

address_DQd<cnt_t, data_DQd:=0, rdy_end
data_DQd==0 or write_n ;= runnable:=0, . . . . .
G oObze e qemu- | ien 00wl To investigate the properties of the implementations we
synthesised systems with different numbers of delaying
Figure 8. State diagram for delay queue Q. tasks and timer widths. The bit times are selected to repre-

sent systems with high rate cyclic executives (16 bit time),

medium rate (32 bit time), and then the 50 years required
tick until it become zero. The machine signals that the task by the Ada standard (41 bit time).

should be released when the counter value to be decreased
is one. The model of the counters, cf. Section 3.3, basicallyg 1  Area
correspondsté'SM,,, F'SM,, andF'SM,. The reason for

The results we present in this section are based on syn-

delay, to_rdy
rdy_end Rd <= time rdy_Rt=to_rdy_Rt

wack0 oy, et thesis with the clock timing constraint set to 10 ns, i.e; cr
o ating a kernel running with a kernel clock frequency of 100
H "" MHz, and without any area constraints. Besides that, the
e e synthesis tool default settings has been used. The gaté coun
S o0 is roughly equivalent to the chip area used by the implemen-
tations. The gate counts used by the synthesised systems are
(@) FSM: presented in Fig. 10.
amr== Wi It is not unexpected that it is resource effective to use
W MU L ooy memory rather than registers when the number of tasks in-
233“[3?'1 \z ff"“]ﬁﬂ’" "ﬂ['lgo \z 5?"1]’55"5"” creases. The small gate count growth between 4—16 tasks
configurations for design@;, Q> andQ, is due to that the
(b) FSMp, (c) FSM, synthesis tool use 16x1 memory primitives for the arrays.
The size growth of the queues is, as expected, close to lin-
Figure 9. State diagrams for delay queue  Qs. ear. Queue®);, 9> andQ, use RAM blocks to store data.

The number of RAM blocks used to implement the single

partitioning the model is to save hardware area and to enablearray is the same fo@; and Q, while Q, use a little bit
a priority ordered task activation which is further disms  more to implement its two arrays. Sin€® does not use
in Section 6. If priority ordered activation is used it can be RAM blocks to code its registers, the cost for the stored
managed by'SM,,. The area required by the design is re- variables is taken by the gate count.
duced by using one interface state machiite),,, instead The Q3 design, which uses registers instead of memory
of multiple similar interfaces for eachiS M,,, . for the time counters does not show this behaviour. The area

The choice of using a register rather than the smaller usage of the different queues is such tbhtis smallest,
memory blocks is that the access speed mentioned abovepllowed by Q, and then by,. However,Q3 uses the least
one clock cycle, applies to the access of a RAM block which area for systems with 4 delaying tasks but using registers
no other FSM uses. Using a block to hold information about is not resource effective for large task sets @ndquickly
asingle task is resource waste and having several queues usaitgrows the other implementations.
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Figure 10. Gate usage of the implementations. The x-axis sho  ws the number of tasks the queues
handle and the y-axis shows the gate count.

The memory utilisation of the designs is very small com- a batch of tasks and the time is described in Equation 1.
pared to that available on the target system. For example,
the 4200 gates used by a 16 task 16 bit tigweimplemen- (IS, | —
tation is not much compared to the 811008 gates that the
target Virtex2Pro device supports. A 4 tasks 16 bit time 1€ firstpartof the expressiof{|Sr,,, | —1)# (3+Crun) +
synthesised system for any of the queues uses 1%—3% o} ), describes the number of kernel clock cycles used to time
the FPGA's resources in slices, 4 input LUTs and slice flip Cut all tasks in the delay queue, i.e. the task with the lowest
flops. Queuew;, O, and O, uses 6%—10% of the slices priority will have to wait for all other tasks to be handled by

and LUTs and 1%—2% of the slice flip flops when synthe- the ready queue, and the second piart; CS“S),’ desgrlbes

sised for a 64 tasks system with 41 bit time but the registerthe _number of cycles used to manage the insertion of the

gueueQs, uses about 80% of the available slices and LUTs call into the queue. . . L

and close to 30% of the slice flip flops for this configuration. 1€ Worst delay f0Q», shown in Equation 2, is similar

Fitting the queues, besides the register queue, on thettargeto the one 0iQ; andQ;.

FPGA can easily be accomplished with the better part of

the resources left for the rest of the kernel and other system

components. The worst case fo@; is different since delays are made
to private time counters and in parallel. Equation 3, takes
the shared interface machine into consideration.

1) % (34 Crun) + 1) + (4 + Cous) 1)

((USTpy, [ =) (24 Crun) + 1) + (4 +Csus) (2

52 Speed
(3 + Cmm,) + (4 + Csus) (3)

The execution properties of the delay queue implementa-
tions depend on the behaviour of the rest of the kernel. The
communication times between kernel components will in-
fluence the execution time of the delay queue. Other kernelthe other delay queues since this would risk a system clock
components can force the delay queue to wait, e.g. when ick to be missed.
batch of tasks is released the ready queue will accept them The frequency the kernel clock, KerClk, needs to ensure
in serial at the rate it can process them. The applicatioin wil that the queue’s work, together with any time added by in-
_alsc_J ir_npact on the execution _time of the delay queue Sinceteraction with other kérnel components, can be completed
it will instantiate the queue with, e.g., the number of tasks within a system clock tick. If this can not be guaranteed the
that delay. kernel risks missing system ticks. Besides this, the kernel

Let Sy, be the set of tasks that delay in an application clock frequency must support the Ravenscar profile delay
and |et|STDz | be the cardinality of that set. Léf..,, bethe  accuracy of 1 ms of the system ticks. Table 3 shows the
number of clock cycles the ready queue uses to make a taskhaximum clock frequency the queues can be synthesised
runnable and le€..; be the number of clock cycles it uses for a 16 task configuration. To check that the queues satisfy
to suspend a task. the 1 ms requirement we made a coarse overestimation of

The worst case execution f@; andQ, to delay atask  the worst number of kernel cycles used to delay a task in
occurs when the delay request arrives during the release of kernel with 16 tasks would have the kernel working, and

Note thatQs prioritises delay calls before each clock tick
and that is possible because it uses one FSM for each task’s
delay counter. It is not possible to prioritise delay caligw



found this to be 350 kernel cycles. All these cycles must dispatcher is not locked a situation can occur whBrés

be completed within a system clock tick for the operation loaded on a processor only to be preempted whgis re-

of the kernel to be guaranteed correct. In Table 3 we seeleased. The situation is avoided if tasks are releasedan-pri

that slowest queud?;, can be synthesised to a maximum ity order, with the release of the highest prioritised tast fi

of 132 MHz. This speed would allow the system to be syn- Itis safe to dispatch and start loadiihg since no task in the

thesised with a system clock frequency of 0,38 MHz which same release batch can fofEgto be preempted. A FIFO

clearly supports the 1 KHz that Ravenscar requires. order within each priority makes the release behaviour even
more deterministic if several tasks can have the same prior-
ity. In a system where all tasks have their unique priorities

Table 3. Maximal clock frequency (in MHz) that the index order can be used as priority order. Quades
the different queues can be synthesised for, and Q- enforce priority ordered release if the task indexes
when 16 tasks are supported. are ordered in priority order. To achieve FIFO release these

gueues would have to be extended with memories to carry
the priorities of the tasks and the arrival order of the tasks

TimeWidth | Q; | Q> | Q3| Qa4 The dispatch order o5 can be defined if the communi-
16 145| 173 | 283 | 155 cation between the counters and the ready queue is defined
32 142 156 | 242 | 144 to follow a specific protocol, i.e. one which prioritises the
41 132] 150 ] 225 138 signals from the counters according to the priorities of the

tasks. FIFO order is however outside the immediate reach
of Q3 since it would place to many requirements on com-
The calculation presented here makes no optimisationsmunication or synchronisation to be usable. Thequeue
of the system clock tick management. An optimisation, releases according to index order and FIFO order. Like the
which can allow the kernel to run at a slower Speed, is first two queue,Q4 will have to be extended with more

the use of a buffer for the system clock ticks. A manage- memory to implement FIFO if several tasks can have the
ment with a buffer that can store ticks would allow the de- same priority.

Ia:cy .quuﬁ tc:) SfFfJ read |tshv18rst_r<t:1gsg V\t/)ork gver t?]e n_uml?er The Ravenscar profile only allows absolute delays where
of ticks the buffer can hold. IS Is based on the SIMpie o rejease time is given explicitly, i.e. there are no nedat

reasoning that a worst case cannot be followed by anotherOIeIayS where a task delays for a given time. The main rea-
equally bad case since the first case will lead the system to &0n for not supporting relative delays is that it makes syste
system stgte where the equ_ally bad state is impossible. Fo nalysis easier with only a delay-until mechanism. Alse, th
example, if the worst case s that ‘?‘" tasks are delayed aN%ind of systems the profile focuses on, cyclic executives, us
released _at the same t_|me th?y will not be_delayed durlngdelay until. The queues we present can easily be extended to
the next tick making it impossible to repeating the release. handle relative delays by adding an extra interface functio

/'r\] system W'thda b“(‘;fer couldﬁmgke 2 egsler t?( syntIheS|se that doesn't calculate the delta-times. The formal autamat
the system and produce an efficient hardware kernel. should then be extended in the same way,.

) ) The delay queues presented are not limited to use in a
6 Discussion hardware RTK but can be used as standalone components to
help a processor manage delayed tasks. A memory mapped
The delay queue (and the whole kernel) is designed tobus interface to the delay queue allows them to exist in a
be synthesised for a specific target application systens Thi hardware/software co-design. The interface should contai
specialisation enables some interesting resources gatimi  the system time and implement the clock-tick generation.
tions. In Section 3 an optimisation of the number of bits The task status, runnable/suspend/unblock, should be in-
used to represent delta times was presented. The 0ptimi£|uded in a readable register and it should also be wired
sation used knowledge about the cycle time of cyclic ex- to an interrupt pin at the processor. Additionally, a redelab
ecutive tasks. The length of the memory array needed totask identity register should be included.
remember release times can be optimised if tasks that delay One weakness with the current hardware implementa-
are given task identities in sequence. tions is that they have been manually translated using the
The normal procedure when releasing tasks is to lock formal models as blueprint. The implemented queues have
(stop) the dispatching before releasing tasks, e.g. as don@ot been verified to ensure that they describe exactly the
in [13]. The need for the locking is only necessary in a same behaviour as those described in the formal models.
system where a task of lower priority;, can be released We are currently looking at how verification of the imple-
from the delay queue ahead of a task of higher priofity, mentations can be made using available hardware tools and
when a batch of tasks are released at the same time. If thaising the formal models for input.



7 Conclusions [7] K. Lundqvist, and L. Asplund, "A Ravenscar-
Compliant run-time kernel for safety critical systems”,

In this paper we present formal models and hardware Real-Time Systems, 24(1), 2003.
implementations of four delay queues suited for multiple [8] R. Maria, et.al., "Verifying, Validating and Mon-
processor systems. The queues express different prapertie  itoring the Open Ravenscar Real Time Kernel”,
regarding hardware requirements, possible parallelisioh, a 12**International Ada Real-Time Workshofda Let-
execution times. Different task release policies and how ters, vol. XXIll, no. 4, 2003.

they can be supported by the queues is discussed. [9] A. Morton, and W. Loucks, "A Hardware/Software

The translation from the original designs, made in timed Kernel for System on Chip DesighsACM Symposium
automata to VHDL, is described and metrics of the hard- on Applied Computing?004.

ware implementations are presented.

Surprisingly, the queue using most parallelisi@g,
shows not only the best response time properties but also the
least chip area usage for systems where four or fewer tasks
use the delay queue. In systems with more than five delay- ~MPRPPCFPE-01, Motorola Document MPCFPE/AD
ing tasks that queue quickly outgrows the other queues in (9/94).
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Though not attempted in this paper, an interesting study
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