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The emerging limits of todays platform integration methodologies are verifi
cation and optimization of system timing and memory. Verification is currently 
limited to simulation approaches, such as in VCC [3], Seamless CVE [16], 
CoWare [4], or CoCentric [22]. In addition to the long-term simulation runs, 
simulation approaches provide only marginal optimization support, since the 
influence of the individual design decisions on the simulation results is un
clear. Other known limitations of simulation such as incomplete coverage and 
corner case identification are aggravated since many of the design errors only 
result from system integration requiring detailed knowledge which is often not 
available to the integrator. 

Formal analysis techniques represent a promising alternative for timing and 
memory constraint verification. In contrast to simulation, formal analysis en
sures complete corner case coverage by nature. With a carefully selected level 
of system and component abstraction, the results are conservative, i. e. they are 
guaranteed under all circumstances. Formal analysis approaches capture the 
component and system properties using parameterized mathematical models. 
Such models account for instruction execution, critical program paths, schedul
ing influence, and component interaction in order to derive conservative bounds 
on system function timing or required memory size. 

In this paper, we discuss and evaluate several basic ideas underlying formal 
analysis approaches in the context ofHW/SW platform integration. We investi
gate a representative subset of existing individual analysis approaches in order 
to find a reasonable level of detail at which platform performance analysis can 
be currently performed. We propose a three-step bottom-up approach. While 
much effort has been put into timing analysis at the task and the single resource 
level, approaches to global timing analysis of complex heterogeneous HW/SW 
platforms are comparatively rare. Therefore, the component interaction is dis
cussed more thoroughly. 

The paper is organized as follows. The next section presents out three level 
analysis hierarchy. Section 3 reviews analysis techniques for single tasks. The 
influence of operating systems on single architecture components is consid
ered in Section 4. The analysis of multi-component platforms is captured in 
Section 5. We conclude the paper with an evaluation of the current analysis 
possibilities. 

2. THE THREE· LEVEL APPROACH 
The analysis of target system timing can be divided into three parts: 

1 analysis of a single task executed on a target system component in absence 
of resource sharing techniques (task level) 

2 analysis of resource sharing effects on a single resource component (re
source level) 

3 analysis of component interaction in multi-component systems (system 
level) 
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At the task level, timing analysis is performed separately for each task. Upper 
and lower bounds on task execution times are obtained. Since these times may 
depend on the target architecture (i. e. the processor the task will be executed on), 
the implementation has to be considered in this step. The sources of intervals 
can be input data dependent task behavior (due to input data dependent control 
structures) or limited analyzability of the target architecture (due to features 
like pipelining, caches etc.). There are many recent contributions combining 
implicit or explicit program path analysis and cycle-true processor modeling, 
such as [13, 6, 25, 9]. In addition, task communication can be determined to 
analyze communication channel load and timing [25]. Such parameters are 
then captured using a reasonable, abstract intermediate representation (abstract 
task model), e. g. SPI [5]. 

At the resource level, there is a huge amount of work, e. g. [14, 12, 24] 
and many more, mainly in the domain of real-time operating systems to calcu
late task response times. Again, these response times abstract from the actual 
implementation. All of these approaches assume certain event models, e. g. pe
riodic or burst. From the IP perspective, these can be used to specify operation 
conditions for which the response times are guaranteed. 

For single-component systems, the resource level already is the system 
level. There also exist many techniques for homogeneous multi-processors [20]. 
However, this does not hold for heterogeneous multi-component systems. 

The system-level analysis for heterogeneous HW ISW platforms has been ne
glected for a long time. In a recent publication, Pop et. a!. [17] extended the ex
isting scheduling analysis to specialized classes of mUlti-component platforms. 
In [18], we proposed to couple the existing approaches rather than finding so
lutions with only limited applicability. We identified the lack of compatibilities 
between event models as being the key obstacle for this analysis coupling pro
cess, and proposed to use event model interfaces within an iterative event model 
interfacing technique. 

Each analysis technique focuses on only one of the three mentioned steps: 
task, resource, or system level analysis. As a result, a sound and complete anal
ysis of the whole system requires several individual approaches to be combined 
bottom-up, i. e. starting at the task-level and ending up with complete system 
level performance information. Furthermore, all approaches make certain as
sumptions on the system's tasks and resources. Otherwise, the techniques can 
not be reasonably applied to a given problem. Here, two important issues have 
to be considered. First, it is a prerequisite that the lower levels within this anal
ysis hierarchy provide the information that is required by the more high-level 
approaches. In other words, the information is propagated through the analysis 
bottom-up. Secondly, the information provided should not be overly detailed. 
Otherwise, these details can neither be utilized by a subsequent analysis step, 
nor can analysts benefit from the efficiency of less detailed approaches. In 
general, the performance parameters that are propagated should be consistent 
at all levels of the analysis hierarchy. The following sections introduce analysis 
techniques at each of the mentioned steps (task, resource, system). 
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3. TASK-LEVEL ANALYSIS 
This section briefly summarizes timing analysis approaches for individual 

tasks in absence of operating systems. Typically, such analysis is based on basic 
blocks, i. e. blocks of code with a single control flow. The latency time model in 
[13] is established as a standard model for static approaches, which is also called 
the sum-of-basic-blocks model. Here, the overall task execution time is the sum 
of all basic block execution times multiplied by the corresponding execution 
count for each of the basic blocks. Evidently, the execution time of a basic block 
depends on the target architecture whereas the execution count is architecture 
independent. Both values, time and count, are intervals representing the worst 
case and best case bounds. As a result, the overall execution time is an interval, 
too. 

It is assumed that all executions of one basic block have the same time inter
val. However, data dependent instruction execution and pipelined architectures 
as well as unpredictable cache behavior and register allocation lead to a widely 
varying basic block execution time. This effect is referred to as overlapping 
basic block execution. Many other approaches to task execution time analysis 
are also based on the analysis granularity of basic blocks or single basic block 
transitions [8] or require complex modifications to execution time determina
tion [15]. Very few approaches like [9] also consider more fine-grain influences 
of complex processor architectures, e. g. pipelines and super-scalar machines. 
The major drawback of such detailed approaches is state-space explosion. 

The SYMTA (SYMbolic Timing Analysis) tool suite [25] extends the sum
of-basic-blocks approach by raising the analysis granUlarity from basic blocks 
to task segments which are sequences of basic blocks having a single input 
data independent control flow across basic block boundaries. Due to the raised 
granularity, the number of points where worst case assumptions (e. g., empty 
pipeline) have to be made is reduced leading to a higher analysis accuracy. 

Additionally, SYMTA allows to specify task execution contexts which pro
vide information on the input data in order to predict input data dependent 
control structures. This way, execution paths are selected and task segments 
can be merged even further. As a result, not only a single task execution time 
interval but also a set of comparatively narrow execution time intervals, one for 
each context, can be given. 

4. RESOURCE-LEVEL ANALYSIS 
In this section, the influence of resource sharing is investigated, based on the 

core execution times from the previous section. 
In the area of real-time operating systems, there are several substantially dif

ferent resource sharing (scheduling) strategies. Preemptive scheduling based 
on static priorities (e. g. rate-monotonic), dynamic priorities (e. g. earliest dead
line first), and time-slicing (e. g. time division multiple access and round robin) 
are among the most important strategies. For each of the mentioned strategies, 
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a set of analysis approaches exist. The approaches take the scheduling strategy 
and the core execution times (from the previous section) as input to a self
contained mathematical description in order to calculate conservative bounds 
on the response times of tasks. 

In the early 70's, Liu and Layland proposed a preemptive priority-driven 
scheduling to guarantee deadlines for periodic hard real-time tasks [14]. They 
considered a static (Rate Monotonic) and a dynamic (Earliest Deadline First) 
priority assignment and provided a formal analysis framework for both. In [10], 
Kopetz and Gruensteindl proposed TIP (time triggered protocol) for commu
nication scheduling in distributed systems and presented an analysis. TIP 
implements the TDMA (time division multiple access) scheduling strategy. 
Both contributions assume a periodic activation of tasks. Recent extensions of 
the mentioned work allow periodic activation with jitter, e. g. [20], and arbi
trary deadlines [12]. Spront et. al. [21] analyze the influence of sporadic task 
preemption. Tindell presents an approach for task bursts [24]. 

Gresser [7] and Thiele et. al. [23] use more general activation models. They 
introduce a vector of sequential time intervals rather than a few parameters 
(period, jitter, etc.) only, in order to calculate performance quanta for each task. 
Gresser uses this model for analysis of dynamic priority (EDF) scheduling. 
Thiele et. al. analyze a mixture of hard and soft real-time tasks in network 
processors with a specialized scheduling algorithm. 

The above mentioned approaches are only concerned with the coarse-grain 
influences of scheduling, i. e. task preemption or -in the case of non-preemptive 
scheduling- delay. However, the operating system that implements the schedul
ing strategy also needs to be considered. Most importantly, the context switch
ing overhead has to be considered, as well as the OS drivers to control busses 
or other peripherals. If possible, these are usually included in the task execu
tion time, e. g. communication primitives. The context switch overhead can be 
added to the overall execution time. House keeping functions can be treated as 
extra tasks without any specific functionality. 

In contrast to the scheduler and the housekeeping functions, the OS drivers 
require special attention. Many drivers manage and modify static data struc
tures, e. g. communication buffers and other queues, which are shared among 
several tasks. In other words, the driver function is called by more than one 
task. Clearly, such driver functions must not be preempted by calls to the same 
driver, since this would result in an unknown state of the shared data. This 
is usually solved using OS semaphores and/or monitors. As a result, a task 
may experience an additional delay to resolve such conflicts. Extensions to the 
basic scheduling analysis approaches can be found in [2, 20, 24]. Although 
such conflicts can not be seen before tasks are integrated for resource sharing, 
the information about the actual blocking times needs to be obtained at the 
individual task level. The approach in [25] can be used. 

Other fine-grain influences, e. g. in the presence of caches and pipelines, are 
more complex to include in the performance models. Ferdinant et al. [6] account 
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for the cache state during task perfonnance analysis. This way, they compute 
worst-case delays resulting from cache misses which result from preemption. 
This problem is also addressed in [11]. Clearly, such influences can neither be 
completely captured at the task level, nor at the resource sharing level, since 
the actual task perfonnance results from a combination of both. In contrast to 
semaphore blocking, most of the current scheduling analysis approaches do not 
include parameters representing fine-grain influences like caches, etc. These 
are usually conservatively estimated based on experience. 

s. SYSTEM-LEVEL ANALYSIS 
While there exist a huge amount of work in the area of task and resource 

level analysis, there is only little work on system level analysis, i. e. the analysis 
of multiple connected and interacting resource components. 

One reason for this lack of global models are incompatibilities of the input 
event models, e. g. periodic or burst. An input event model describes the fre
quency and type of input events that lead to task or communication execution. 
In effect, the input events determine the system workload. Resource sharing 
analysis techniques, therefore, typically assume certain input event models, as 
mentioned in Section 4. 

The importance of transitions between different event models has been widely 
neglected in literature. In general, global heterogeneous system analysis is cur
rently limited to special classes of problems. Pop et. al [17] extended the idea 
of self-contained mathematical equations as presented in Section 4 to capture 
distributed interacting tasks. Their approach is limited to static priority task 
scheduling combined with a TDMA bus protocol. However, it is doubtful that 
a general approach to a self-contained solution for arbitrarily complex platfonn 
architectures can be found, mainly because of the highly complex dependencies 
in such systems. Other approaches like [1] require a completely homogeneous 
system in tenns of input description, scheduling algorithms and architecture 
structure. Then, the analysis problem is solved by finding critical paths in the 
system level description. Such approaches are neither applicable to strongly 
heterogeneous systems, nor do all of them account for the influence of schedul
ing. 

In a recent publication [18], we have presented a more general approach. The 
basic idea is to re-use the existing work mentioned in Section 4 (and possibly the 
work in [17], too) for the individual components. At the system level, we couple 
the individual analysis to obtain a global platfonn perfonnance model. This is 
not trivial due to the mentioned event model incompatibilities. However, we 
developed an event interface model to overcome the limitations of the individual 
scheduling analysis approaches. But before we present our event interface 
model, we will give a brief overview about event models in the context of 
scheduling analysis. 
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5.1. Event Models 

In the literature on real-time analysis, there are four event models of major 
importance. A simple and efficient assumption is a stream of periodic input 
events. Here, the arrival of events can be captured by a single parameter, the 
period T. Often, periodic events are allowed to deviate with respect to their 
period. This adds another parameter to the periodic model, the jitter (J). Other 
models capture bursts of events. A burst is characterized by a number of events 
(burst length b) within a given time interval (the outer period T). This outer 
period may also jitter (J). If known, a minimum time distance (the inter-arrival 
time t) between two successive events within a burst can be specified. Sporadic 
events are captured by the minimum inter-arrival time t, only. 

The models of Gresser and Thiele are closest to a general event model trying 
to capture rather complex event stream patterns. Both models target general 
event stream modeling at the cost of model complexity that excludes direct 
application of most of the analysis techniques mentioned above. 

5.2. Event Model Coupling 
In this section, we present the actual coupling of event models. We first 

discuss compatibility issues between the four event models introduced in the 
preceeding section, and derive event model interfaces (EMIFs) to transform 
the parameters of one event model into those of another model. In those cases, 
where no simple interface can be derived, we introduce the interposition of 
event adaptation functions (EAFs) like buffers and timers in order to couple 
initially incompatible event models. This step incorporates buffer sizing and 
event delay determination due to the additional system functions. 

We introduce the basic idea of event model coupling using a simple example. 
Consider a (sub )system consisting of two tasks PI and P2 which exchange data 
via event stream ES. Let us assume the two tasks are mapped to two different 
resources. Other tasks are implemented on both resources, too. Each resource 
implements a different resource sharing strategy (RSST). Let us furthermore 
assume, that the output of PI is produced with jitter, while the analysis of P2 
requires a sporadic event model. Clearly, the two local analysis approaches 
for PI and P2 can not be coupled directly since the two event models (jitter 
and sporadic) are basically incompatible. However, we are able to derive the 
required parameter values of the sporadic event model from the known values 
of the jitter event model: The minimum temporal separation of two successive 
events with jitter is the period minus the maximum jitter: t2 = TI -l}. In the 
following, we generalize this idea. 

5.2.1 Event Model Interfaces. 
The intended use of event model interfaces (EMIFs) is shown in Figure 1. 

PI'S output event model X results from the selected technique to analyze the 
PI'S execution behavior with respect to the resource sharing strategy RSST 1. 
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Table 1. EMIFs for simple model transformations 
EMIFx-+y II Y=periodic I Y=jitter I Y=burst 
X=perlodic 
X=jitter 
X-burst 
X=sporadic 

Ty = Tx (ideality) Ty = Tx. Jy =0 Ty - Tx. by - 1. ty = Tx 
-
-
-

Ty =Tx.Jy =Jx (ldenUty) -
- Ty = TX. by = bX .Iy = 'X (Idenlity) 

- -

Bvent Model X BventModelY 

r------: I IIII 1111111111 r------: 
: .... ·1EMIFx-+y I ... · i 

I I 

: RSSTI : : RSn'2 : , , ' ... _---_ .. ' 
Figure 1. An event model interface (EMIF) 

Y=sporadic 

ty =Tx (lossy) 
ty -Tx Jx (lossy) 
ty-tx (lossy) 
ty=IX (Identity) 

Similarly, the required input event model Y of is determined by the selected 
analysis technique for RSST2. Now, it is the EMIFx-+y's task to translate the 
event stream's properties from event model X into an instance of event model Y. 
Such interfaces are generally uni-directional (X Y). They can only transform 
instances of X into instances of Y, not vice versa. 

-..-Ionlcs. __ ..... IOIsy 
.... '. wilh adaptar.ion 

................... : .. :::...... . .... :::::::::: ....... .... 
..................... 

Figure 2. Possible event model interfaces 

Figure 2 depicts the possible transformations (X Y) for which such an 
EM I F can be found. The solid lines indicate that the interface losslessly 
(i. e. with the same modeling accuracy) transforms the information of model 
X into model Y, while the dashed lines indicate a loss of information during 
the transformation process. The dotted lines indicate that the transformation 
requires additional adaptation of the input event stream. 

In the beginning of this section, we already solved this interfacing for the 
transformation The EMIFs of the other feasible transfor
mations are given in Table 1. In case when X = Y, no event model interface 
is actually needed, since the parameter values are identical. As can be seen in 
the table, for only 5 out of 12 (not considering X = Y) possible event model 
transformations an EM IF can be given. For the other seven transformations 
like no EMIF can be found. Which model combinations are 
interfaceable can be determined by formally analyzing the corresponding event 
models: we need to show that the behavior of every instance of event model 
X is contained in the set of all possible instances of model Y. In other words, 
we have to bound the given event stream X using the parameters of the event 
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model Y We have to find upper and lower bounds representing the maximum 
and minimum load arrival, respectively. Proofs can be found in [18]. 

5.2.2 Event Adaptation Functions. 
As already mentioned, periodic event streams with jitter can not be captured 

by purely periodic event models. However, in digital signal processing systems, 
internal events are often assumed periodic since the system's overall input is 
purely periodic. But due to resource sharing and/or data-dependent task exe
cution times, internal events most likely experience a jitter. To keep up with 
periodic models, buffers and timers are widely used to re-synchronize such 
events according to the initial period. This shows that it is generally possible to 
couple initially incompatible event models for analysis at the cost of additional 
system functions. We refer these functions to as event adaptation functions 
(EAFs). An example for the use of EAFs is given in Figure 3. 

Event Model X Event Model Y 

: RSSTI : : RSST2 : 
\ I l .. _____ ... ' 

Figure 3. An EMIF with event adaptation function (EAF) 

The actual functionality of these EAFs has to be derived from the two event 
models. For the above mentioned very simple case (X =jitter-t Y =periodic), 
the EAF can be found straightforward. A buffer of size 1 and an output issue 
period of Ty is needed. Now, we can derive an EMIF for this situation by 
simply setting Ty to the value of Tx. In general, the parameters of the timed 
buffers need to be formally derived from the model transformations. Again, we 
refer to [18] for formal details. 

5.3. Output Event Interfaces 

The actual coupling of the individual analysis techniques from Section 4 is 
an iterative procedure of selecting analysis approaches and adapting the input 
event models depending on the analysis assumptions until all event models con
verge. This can be complex, since in many situations, the analyst has more than 
one option. Balancing between analysis efficiency (as in completely periodic 
events) and behavioral freedom (as in strongly bursty event streams) is a non
trivial task. Additionally, output event models have to be derived in order to 
find the required EMIFs and EAFs. 

The basic idea of deriving output event models is simply based on abstract 
event propagation through architecture components. An input event activates 
a dedicated function inside the component. A corresponding output event will 
occur after the function is completed, i. e. after the corresponding response 
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time. When having a constant response time, each event experiences the same 
propagation delay. Thus, the output model is identical to the input model. 
However, in complex software systems only upper and lower bounds for the 
response time will be given, e. g. due to data dependent task execution times or 
a varying number of preemptions by other tasks. For a periodic input model, the 
output is not purely periodic anymore, but will experience a jitter that equals the 
difference between the upper and the lower time bounds. 
An overview of how output event models can be derived from the analysis 
characteristics (input event model and response time) is provided in [19]. 

6. CONCLUSIONS 
In this paper, we presented a three-level bottom-up approach to formal timing 

analysis of complex heterogeneous HW/SW platforms. We started with analyz
ing single task execution on the target processors. Subsequently, we analyzed 
the influence of resource sharing strategies for single architecture components. 
Both areas have been investigated in the past. However, this does not apply 
to the analysis of the complex interactions in heterogeneous multi-component 
platforms. We introduced an event interface model in order to couple the ap
proaches to resource sharing analysis for single resources (step 2) to obtain a 
system-level performance model. 

In summary, a sound and complete analysis of the whole system currently 
requires several individual approaches to be combined. Other approaches to 
gather platform performance at once are either not practical due to algorithm 
inefficiencies, or too restrictive to analyze real-world heterogeneous platforms. 

The interface model enables the integration of analysis techniques in the 
same way components and simulators have been coupled in the past. Designers 
of complex platforms can for the first time benefit from the large amount of 
work in the area of formal timing analysis. However, existing component sim
ulators can be integrated, since the formal nature of our methodology provides 
excellent comer case identification support. By carefully selecting the level of 
detail/abstraction, designers can balance between analysis efficiency and data 
accuracy. 
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