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• Related Work

• GS

• Evaluation
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DNC Motivation and Basics
• Theory of deterministic queueing systems [Cruz91]

• Worst-case bounds such as delay and backlog
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DNC Motivation and Basics
• Theory of deterministic queueing systems [Cruz91]

• Worst-case bounds such as delay and backlog

Searching for Upper Delay Bounds in FIFO Multiplexing Feedforward Networks | A. Scheffler, J. Schmitt and S. Bondorf3
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DNC Motivation and Basics (2)
• Can be used for certifying performance guarantees of cyber-physical systems, 

e.g., airplanes 
• Can aid in ranking different network topologies and configurations

Analyzing FIFO-Multiplexing Tandems with Network Calculus and a Tailored Grid Search (Short Paper) | A. Scheffler, S. 
Bondorf  and J. Schmitt4
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DNC Motivation and Basics (3) [LeBoudec01]
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DNC Motivation and Basics (4) [LeBoudec01]
• Concatenation of servers

• Output bound

• Delay bound

Analyzing FIFO-Multiplexing Tandems with Network Calculus and a Tailored Grid Search (Short Paper) | A. Scheffler, S. 
Bondorf  and J. Schmitt6
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Objective and Approaches
• LUDB[Bisti08], LUDB-FF [Scheffler21] optimizes these free parameters  

• New Approach

• Instead of optimizing these free parameters, we employ a robust grid search (GS) 
for a better tradeoff between accuracy and runtime

• We use GS to rank different network topologies
• Find our code and dataset at 

• https://github.com/NetCal/DNC
• https://github.com/alexscheffler/dataset-itc2022

Analyzing FIFO-Multiplexing Tandems with Network Calculus and a Tailored Grid Search (Short Paper) | A. Scheffler, S. 
Bondorf  and J. Schmitt8
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Related Work
• SFA-FIFO

• Server-by-server analysis
• Compute at each server the residual 

service curve, convolve them
• Each occuring    set statically, 
• Simple left-over curve but local view

Analyzing FIFO-Multiplexing Tandems with Network Calculus and a Tailored Grid Search (Short Paper) | A. Scheffler, S. 
Bondorf  and J. Schmitt9
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Related Work (2)
• LUDB [Bisti08]

• Nested interference: A tandem has nested interference iff for every pair of flows 
either both flows do not have common servers or the path of one flow is completely 
included in the path of the other.

Analyzing FIFO-Multiplexing Tandems with Network Calculus and a Tailored Grid Search (Short Paper) | A. Scheffler, S. 
Bondorf  and J. Schmitt10
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Related Work (3)
• LUDB [Bisti08]

• “convolution before subtraction” for nested interference
• Optimizes                    w.r.t. delay bound

Analyzing FIFO-Multiplexing Tandems with Network Calculus and a Tailored Grid Search (Short Paper) | A. Scheffler, S. 
Bondorf  and J. Schmitt11
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GS
• Start with                                            resulting in delay bound  
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GS (2)
• Start with                                            resulting in delay bound  

• Procedure

• Partition the search space:       - dimensional grid
• Each point on the grid: delay bound
• Try, for each    ,    different values between    and            with     

• Stepsize:

• Hence,

Analyzing FIFO-Multiplexing Tandems with Network Calculus and a Tailored Grid Search (Short Paper) | A. Scheffler, S. 
Bondorf  and J. Schmitt13
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GS (3)
• Procedure

• Results in              , i.e., exponential in the number of crossflows 
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✓i
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O(g|Fx|)
<latexit sha1_base64="mElHbT9/Q8F6ypaVH9JnD1AtNMg=">AAACCXicbVC7SgNBFJ31EWM0uprSZjAIFhJ2RdQyYGMZwTwgG8Ps5CYZMvtw5q4YlrQ2/oqNhSK2/oGdHyM4eRSaeGDgcM493LnHj6XQ6Dhf1tLyympmLbue29jMb23bO7s1HSWKQ5VHMlINn2mQIoQqCpTQiBWwwJdQ9wcXY79+B0qLKLzGYQytgPVC0RWcoZHaNvWwD8jagnoSbmnnJvUQ7jHliVIQ4mjUtotOyZmALhJ3Roplyyt85zPDStv+9DoRTwKT5pJp3XSdGFspUyi4hFHOSzTEjA9YD5qGhiwA3Uonl4zogVE6tBsp80KkE/V3ImWB1sPAN5MBw76e98bif14zwe55KxVhnCCEfLqom0iKER3XQjtCAUc5NIRxJcxfKe8zxTia8nKmBHf+5EVSOy65p6WTK9PGEZkiS/bIPjkkLjkjZXJJKqRKOHkgT+SFvFqP1rP1Zr1PR5esWaZA/sD6+AF3cZ0B</latexit>

✓i  dcurrent

Algorithm 1 Left-over service computation on a nested tan-
dem given a parameter combination
Input i,⇥ Flow, parameter combination
Output �l.o. Left-over service curve for flow i

1: procedure COMPUTELEFTOVERSERVICE(i,⇥)

2: �l.o.
 �0(t) =

⇢
0, t  0
+1, t > 0

3: 8c 2 Children(i)\Fx :
4: �l.o.

 �l.o.
⌦ �c

5: 8c 2 Children(i) \ Fx :
6: �l.o.

c  COMPUTELEFTOVERSERVICE(c,⇥)
7: ✓c  ⇥(c)
8: �l.o.(t) �l.o.(t)⌦([�l.o.

c (t)�↵c(t�✓c)]"·1{t>✓c})
9: return �l.o.

will result in an end-to-end left-over service curve for the foi.
Algorithm 2 is the actual grid search method for nested

tandems which sets up the different ⇥ combinations that will
be tried out to reduce the delay bound dcurrent. Although this
method is shown for nested tandems only, it can be used for the
analysis of entire feedforward networks. This can be achieved
by replacing the nested LUDB analysis given in [5] with our
Algorithm 2. We restrain from doing so in this paper, as the
delay bounds derived with GS are not competitive in absolute
terms, yet, as we show later, they are very useful for a ranking
of design alternatives.

Algorithm 2 Grid search on a nested tandem
Input i,⇥ Flow, parameter combination
Output �l.o. Left-over service curve for flow i

1: procedure GS(i,⇥)
2: for (✓i  0; ✓i  dcurrent; ✓i  ✓i + sp) do
3: ⇥(i) ✓i
4: if i == |Fx| then
5: �l.o.

foi  COMPUTELEFTOVERSERVICE(foi,⇥)
6: d hdev(↵foi,�l.o.

foi ) . horizontal deviation
7: if d < dcurrent then
8: dcurrent

 d
9: �l.o.

 �l.o.
foi

10: else
11: GS(i+ 1,⇥)
12: return �l.o.

Note that although a higher value for g of the GS algorithm
tends to deliver better delay bounds in most cases (see Section
III), we now show how two different settings for g, i.e., g1 and
g2 relate to guarantee delay(GS-g1) � delay(GS-g2).

Lemma 1. Let g1, g2 2 N>1 with k · (g1 � 1) = g2 � 1 for

k 2 N. Then, delay(GS-g1) � delay(GS-g2) holds.

Proof. Let g1, g2 2 N>1 with k · (g1 � 1) = g2 �
1 for k 2 N. For GS-g1, note that each ✓i 2

[0, 1
g1�1d

start, 2
g1�1d

start, ..., g1�1
g1�1d

start]. Similarly, for GS-g2,

we have ✓i 2 [0, 1
g2�1d

start, 2
g2�1d

start, ..., g2�1
g2�1d

start]
k·(g1�1)=g2�1

= [0, 1
k

dstart
g1�1 ,

2
k

dstart
g1�1 , ...,

k·(g1�1)
k

dstart
g1�1 ].

Hence, every ✓i(GS-g1)= a
g1�1d

start with a 2 N \ [0, g1 � 1]

can be mapped to a ✓i(GS-g2)= b
g2�1d

start with b = a · k 2
N\ [0, g2�1]. Thus, {⇥|GS-g1} ✓ {⇥|GS-g2} and delay(GS-
g1) � delay(GS-g2).

III. EVALUATION

Experimental Setup

Our GS implementation is released as part of the NCorg
DNC v2.8.1. All results were measured on a Lenovo Think-
Station P620 with AMD Threadripper PRO 3955WX CPU
(multithreading, frequency scaling) running Ubuntu 20.04.2
and OpenJDK 16. LPs were solved with IBM CPLEX v20.1.

For our evaluation we created 2086 unique nested tandems
with random crossflow interference pattern. The idea is first to
create a random tree which will be interpreted as a nesting tree.
Then we derive a tandem with nested crossflow interference
from the tree. I.e., we reverse the actual analysis steps for
tandem generation. Our dataset is available online2.

Per such random nested tandem we choose a random
number n of tree nodes 2 [1, 40] and a random maximum
degree 2 [1, n�1]. After creating the respective tree, it might
happen that a non-leaf node only has one child that is a non-
leaf node, too – these nodes would lead to two flows having the
same path on the nested tandem. As such flows are aggregated
during the analysis, we merge them into a single non-leaf node
as depicted in Figure 4.

Figure 4. Merging of nodes to get a valid nesting tree: u is a non-leaf node
that has only one child, v, which is a non-leaf node, too since it has a non-
empty subtree Ti(v) 6= ;. Hence, both nodes can be merged. P is the parent
node of u, but it has 2 (or more) children so it can’t be merged with u since
its path is different.

Next, we will interpret the nesting tree as nested tandem
where the number of servers as well as the path of the
crossflows is already set (by the nesting tree).

As arrival curve ↵i for flow i we use the token-bucket shape
��i,⇢i(t) = (�i + ⇢i · t) · 1{t>0} with burst �i = 1 and rate
⇢i = 1. For node j’s the service curve we use the rate-latency
shape �Tj ,Rj (t) = Rj · [t� Tj ]+ with [x]+ = max(0, x). We
use a zero latency (Tj = 0) and the rate Rj is set to achieve

a utilization of 95%, i.e., Rj =

P

j2Path(fi)
⇢i

0.95 .

2https://github.com/alexscheffler/dataset-itc2022
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✓i 2

0,

1

3
dstart,

2

3
dstart, dstart

�
<latexit sha1_base64="W2L0K3KhaUa/QHPgmdoXGLXXsY8=">AAAB7nicbVDLSgNBEOz1GWPUqEdBBoPgQcKuinoRAoJ4TMA8IFnC7GQ2GTI7u8zMimGTbxAvHiLi1YNf482fESePgyYWNBRV3XR3eRFnStv2l7WwuLS8sppaS69nNja3sts7FRXGktAyCXkoax5WlDNBy5ppTmuRpDjwOK163euRX72nUrFQ3OleRN0AtwXzGcHaSNX+TfOhf3XazObsvD0GmifOlOQKmcfSx/B7v9jMfjZaIYkDKjThWKm6Y0faTbDUjHA6SDdiRSNMurhN64YKHFDlJuNzB+jQKC3kh9KU0Gis/p5IcKBUL/BMZ4B1R816I/E/rx5r/9JNmIhiTQWZLPJjjnSIRr+jFpOUaN4zBBPJzK2IdLDERJuE0iYEZ/bleVI5yTvn+bOSSeMYJkjBHhzAEThwAQW4hSKUgUAXnmAIL1ZkPVuv1tukdcGazuzCH1jvP6nMksI=</latexit>

|Fx| = 3
<latexit sha1_base64="Ko02kbcCshBoWd1E7foZ88D8mKM=">AAAB6nicbVDLSsNAFL2pWmt9RV26cLQILrQkUtSNUHDjsqJ9QBvKZDpJh04mYWYilNBPcONCEbd+kTv/ww9w+lho64ELh3Pu5d57/IQzpR3ny8otLa/kVwtrxfWNza1te2e3oeJUElonMY9ly8eKciZoXTPNaSuRFEc+p01/cDP2m49UKhaLBz1MqBfhULCAEayNdB9eV7p2ySk7E6BF4s5IqZpv8O+Dw7Na1/7s9GKSRlRowrFSbddJtJdhqRnhdFTspIommAxwSNuGChxR5WWTU0fo2Cg9FMTSlNBoov6eyHCk1DDyTWeEdV/Ne2PxP6+d6uDKy5hIUk0FmS4KUo50jMZ/ox6TlGg+NAQTycytiPSxxESbdIomBHf+5UXSOC+7F+XKnUnjFKYowD4cwQm4cAlVuIUa1IFACE/wAq8Wt56tN+t92pqzZjN78AfWxw/8NI/I</latexit>

g = 4

<latexit sha1_base64="fz5wYsfFzquYSQVl8I0Pm5R19jw="></latexit>

⇥ = (✓1, ✓2, ✓3) = (0, 0,
1

3
dstart) ! d

<latexit sha1_base64="iUnLXDijnQ6FLrD+yAb9VdN7Apo="></latexit>

⇥ = (✓1, ✓2, ✓3) = (0, 0, 0) ! d = dstart = dcurrent

<latexit sha1_base64="PthBOXOChu8IWvwL6hKS8MRn4Z0=">AAAB+3icbVDLSgMxFM3UV62vsS4FCRbBhZQZEXVnwY3LFuwD2loymUwbmnmQ3JGWYZb+hhsXirhxIfgd7vwG/QjTx0JbDwQO59zDvTlOJLgCy/o0MguLS8sr2dXc2vrG5pa5na+pMJaUVWkoQtlwiGKCB6wKHARrRJIR3xGs7vQvR379lknFw+AahhFr+6QbcI9TAlrqmHn3JmkBG0BCYylZAGnaMQtW0RoDzxN7SgoXr193e++V73LH/Gi5IY19naaCKNW0rQjaCZHAqWBprhUrFhHaJ13W1DQgPlPtZHx7ig+04mIvlPoFgMfq70RCfKWGvqMnfQI9NeuNxP+8ZgzeeTvhQRQDC+hkkRcLDCEeFYFdLhkFMdSEUMn1rZj2iCQUdF05XYI9++V5Ujsu2qfFk4pVKB2hCbJoF+2jQ2SjM1RCV6iMqoiiAbpHj+jJSI0H49l4mYxmjGlmB/2B8fYDNe6Zlw==</latexit>

dcurrent
<latexit sha1_base64="e9oPcYRsbNVwxsVfs5dou6sSmBI=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLCTsiqigYMDGMqJ5QLKG2dlJMmT2wcxdMaxb+Cs2ForYWuon2Fn7I04ehSYeGDiccw/3znEjwRVY1peRmZqemZ3LzucWFpeWV8zVtYoKY0lZmYYilDWXKCZ4wMrAQbBaJBnxXcGqbves71dvmFQ8DK6gFzHHJ+2AtzgloKWmueHhE+xdJw1gt5DQWEoWQJo2zbxVsAbAk8Qekfzp9zv/OO5dlprmZ8MLaezrNBVEqbptReAkRAKngqW5RqxYRGiXtFld04D4TDnJ4P4Ub2vFw61Q6hcAHqi/Ewnxler5rp70CXTUuNcX//PqMbSOnIQHUQwsoMNFrVhgCHG/DOxxySiIniaESq5vxbRDJKGgK8vpEuzxL0+Syl7BPijsX1j54i4aIos20RbaQTY6REV0jkqojCi6Qw/oCT0b98aj8WK8Dkczxiizjv7AePsBs1OaQQ==</latexit>

d < dcurrent

<latexit sha1_base64="EXpOluP/gd7g5TNbUK6O5BrPkPw="></latexit>

⇥ = (✓1, ✓2, ✓3) = (0, 0, dstart) ! d

<latexit sha1_base64="mI4HeflbV1SlMkfIe+jYhLq61So="></latexit>

⇥ = (✓1, ✓2, ✓3) = (0, 0,
2

3
dstart) ! d

<latexit sha1_base64="PthBOXOChu8IWvwL6hKS8MRn4Z0=">AAAB+3icbVDLSgMxFM3UV62vsS4FCRbBhZQZEXVnwY3LFuwD2loymUwbmnmQ3JGWYZb+hhsXirhxIfgd7vwG/QjTx0JbDwQO59zDvTlOJLgCy/o0MguLS8sr2dXc2vrG5pa5na+pMJaUVWkoQtlwiGKCB6wKHARrRJIR3xGs7vQvR379lknFw+AahhFr+6QbcI9TAlrqmHn3JmkBG0BCYylZAGnaMQtW0RoDzxN7SgoXr193e++V73LH/Gi5IY19naaCKNW0rQjaCZHAqWBprhUrFhHaJ13W1DQgPlPtZHx7ig+04mIvlPoFgMfq70RCfKWGvqMnfQI9NeuNxP+8ZgzeeTvhQRQDC+hkkRcLDCEeFYFdLhkFMdSEUMn1rZj2iCQUdF05XYI9++V5Ujsu2qfFk4pVKB2hCbJoF+2jQ2SjM1RCV6iMqoiiAbpHj+jJSI0H49l4mYxmjGlmB/2B8fYDNe6Zlw==</latexit>

dcurrent

<latexit sha1_base64="PthBOXOChu8IWvwL6hKS8MRn4Z0=">AAAB+3icbVDLSgMxFM3UV62vsS4FCRbBhZQZEXVnwY3LFuwD2loymUwbmnmQ3JGWYZb+hhsXirhxIfgd7vwG/QjTx0JbDwQO59zDvTlOJLgCy/o0MguLS8sr2dXc2vrG5pa5na+pMJaUVWkoQtlwiGKCB6wKHARrRJIR3xGs7vQvR379lknFw+AahhFr+6QbcI9TAlrqmHn3JmkBG0BCYylZAGnaMQtW0RoDzxN7SgoXr193e++V73LH/Gi5IY19naaCKNW0rQjaCZHAqWBprhUrFhHaJ13W1DQgPlPtZHx7ig+04mIvlPoFgMfq70RCfKWGvqMnfQI9NeuNxP+8ZgzeeTvhQRQDC+hkkRcLDCEeFYFdLhkFMdSEUMn1rZj2iCQUdF05XYI9++V5Ujsu2qfFk4pVKB2hCbJoF+2jQ2SjM1RCV6iMqoiiAbpHj+jJSI0H49l4mYxmjGlmB/2B8fYDNe6Zlw==</latexit>

dcurrent

<latexit sha1_base64="e9oPcYRsbNVwxsVfs5dou6sSmBI=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLCTsiqigYMDGMqJ5QLKG2dlJMmT2wcxdMaxb+Cs2ForYWuon2Fn7I04ehSYeGDiccw/3znEjwRVY1peRmZqemZ3LzucWFpeWV8zVtYoKY0lZmYYilDWXKCZ4wMrAQbBaJBnxXcGqbves71dvmFQ8DK6gFzHHJ+2AtzgloKWmueHhE+xdJw1gt5DQWEoWQJo2zbxVsAbAk8Qekfzp9zv/OO5dlprmZ8MLaezrNBVEqbptReAkRAKngqW5RqxYRGiXtFld04D4TDnJ4P4Ub2vFw61Q6hcAHqi/Ewnxler5rp70CXTUuNcX//PqMbSOnIQHUQwsoMNFrVhgCHG/DOxxySiIniaESq5vxbRDJKGgK8vpEuzxL0+Syl7BPijsX1j54i4aIos20RbaQTY6REV0jkqojCi6Qw/oCT0b98aj8WK8Dkczxiizjv7AePsBs1OaQQ==</latexit>

d < dcurrent

<latexit sha1_base64="e9oPcYRsbNVwxsVfs5dou6sSmBI=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLCTsiqigYMDGMqJ5QLKG2dlJMmT2wcxdMaxb+Cs2ForYWuon2Fn7I04ehSYeGDiccw/3znEjwRVY1peRmZqemZ3LzucWFpeWV8zVtYoKY0lZmYYilDWXKCZ4wMrAQbBaJBnxXcGqbves71dvmFQ8DK6gFzHHJ+2AtzgloKWmueHhE+xdJw1gt5DQWEoWQJo2zbxVsAbAk8Qekfzp9zv/OO5dlprmZ8MLaezrNBVEqbptReAkRAKngqW5RqxYRGiXtFld04D4TDnJ4P4Ub2vFw61Q6hcAHqi/Ewnxler5rp70CXTUuNcX//PqMbSOnIQHUQwsoMNFrVhgCHG/DOxxySiIniaESq5vxbRDJKGgK8vpEuzxL0+Syl7BPijsX1j54i4aIos20RbaQTY6REV0jkqojCi6Qw/oCT0b98aj8WK8Dkczxiizjv7AePsBs1OaQQ==</latexit>

d < dcurrent
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|Fx| = 3
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<latexit sha1_base64="e9oPcYRsbNVwxsVfs5dou6sSmBI=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLCTsiqigYMDGMqJ5QLKG2dlJMmT2wcxdMaxb+Cs2ForYWuon2Fn7I04ehSYeGDiccw/3znEjwRVY1peRmZqemZ3LzucWFpeWV8zVtYoKY0lZmYYilDWXKCZ4wMrAQbBaJBnxXcGqbves71dvmFQ8DK6gFzHHJ+2AtzgloKWmueHhE+xdJw1gt5DQWEoWQJo2zbxVsAbAk8Qekfzp9zv/OO5dlprmZ8MLaezrNBVEqbptReAkRAKngqW5RqxYRGiXtFld04D4TDnJ4P4Ub2vFw61Q6hcAHqi/Ewnxler5rp70CXTUuNcX//PqMbSOnIQHUQwsoMNFrVhgCHG/DOxxySiIniaESq5vxbRDJKGgK8vpEuzxL0+Syl7BPijsX1j54i4aIos20RbaQTY6REV0jkqojCi6Qw/oCT0b98aj8WK8Dkczxiizjv7AePsBs1OaQQ==</latexit>

d < dcurrent

<latexit sha1_base64="PthBOXOChu8IWvwL6hKS8MRn4Z0=">AAAB+3icbVDLSgMxFM3UV62vsS4FCRbBhZQZEXVnwY3LFuwD2loymUwbmnmQ3JGWYZb+hhsXirhxIfgd7vwG/QjTx0JbDwQO59zDvTlOJLgCy/o0MguLS8sr2dXc2vrG5pa5na+pMJaUVWkoQtlwiGKCB6wKHARrRJIR3xGs7vQvR379lknFw+AahhFr+6QbcI9TAlrqmHn3JmkBG0BCYylZAGnaMQtW0RoDzxN7SgoXr193e++V73LH/Gi5IY19naaCKNW0rQjaCZHAqWBprhUrFhHaJ13W1DQgPlPtZHx7ig+04mIvlPoFgMfq70RCfKWGvqMnfQI9NeuNxP+8ZgzeeTvhQRQDC+hkkRcLDCEeFYFdLhkFMdSEUMn1rZj2iCQUdF05XYI9++V5Ujsu2qfFk4pVKB2hCbJoF+2jQ2SjM1RCV6iMqoiiAbpHj+jJSI0H49l4mYxmjGlmB/2B8fYDNe6Zlw==</latexit>

dcurrent
<latexit sha1_base64="e9oPcYRsbNVwxsVfs5dou6sSmBI=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLCTsiqigYMDGMqJ5QLKG2dlJMmT2wcxdMaxb+Cs2ForYWuon2Fn7I04ehSYeGDiccw/3znEjwRVY1peRmZqemZ3LzucWFpeWV8zVtYoKY0lZmYYilDWXKCZ4wMrAQbBaJBnxXcGqbves71dvmFQ8DK6gFzHHJ+2AtzgloKWmueHhE+xdJw1gt5DQWEoWQJo2zbxVsAbAk8Qekfzp9zv/OO5dlprmZ8MLaezrNBVEqbptReAkRAKngqW5RqxYRGiXtFld04D4TDnJ4P4Ub2vFw61Q6hcAHqi/Ewnxler5rp70CXTUuNcX//PqMbSOnIQHUQwsoMNFrVhgCHG/DOxxySiIniaESq5vxbRDJKGgK8vpEuzxL0+Syl7BPijsX1j54i4aIos20RbaQTY6REV0jkqojCi6Qw/oCT0b98aj8WK8Dkczxiizjv7AePsBs1OaQQ==</latexit>

d < dcurrent

<latexit sha1_base64="EXpOluP/gd7g5TNbUK6O5BrPkPw="></latexit>

⇥ = (✓1, ✓2, ✓3) = (0, 0, dstart) ! d
<latexit sha1_base64="PthBOXOChu8IWvwL6hKS8MRn4Z0=">AAAB+3icbVDLSgMxFM3UV62vsS4FCRbBhZQZEXVnwY3LFuwD2loymUwbmnmQ3JGWYZb+hhsXirhxIfgd7vwG/QjTx0JbDwQO59zDvTlOJLgCy/o0MguLS8sr2dXc2vrG5pa5na+pMJaUVWkoQtlwiGKCB6wKHARrRJIR3xGs7vQvR379lknFw+AahhFr+6QbcI9TAlrqmHn3JmkBG0BCYylZAGnaMQtW0RoDzxN7SgoXr193e++V73LH/Gi5IY19naaCKNW0rQjaCZHAqWBprhUrFhHaJ13W1DQgPlPtZHx7ig+04mIvlPoFgMfq70RCfKWGvqMnfQI9NeuNxP+8ZgzeeTvhQRQDC+hkkRcLDCEeFYFdLhkFMdSEUMn1rZj2iCQUdF05XYI9++V5Ujsu2qfFk4pVKB2hCbJoF+2jQ2SjM1RCV6iMqoiiAbpHj+jJSI0H49l4mYxmjGlmB/2B8fYDNe6Zlw==</latexit>

dcurrent
<latexit sha1_base64="e9oPcYRsbNVwxsVfs5dou6sSmBI=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLCTsiqigYMDGMqJ5QLKG2dlJMmT2wcxdMaxb+Cs2ForYWuon2Fn7I04ehSYeGDiccw/3znEjwRVY1peRmZqemZ3LzucWFpeWV8zVtYoKY0lZmYYilDWXKCZ4wMrAQbBaJBnxXcGqbves71dvmFQ8DK6gFzHHJ+2AtzgloKWmueHhE+xdJw1gt5DQWEoWQJo2zbxVsAbAk8Qekfzp9zv/OO5dlprmZ8MLaezrNBVEqbptReAkRAKngqW5RqxYRGiXtFld04D4TDnJ4P4Ub2vFw61Q6hcAHqi/Ewnxler5rp70CXTUuNcX//PqMbSOnIQHUQwsoMNFrVhgCHG/DOxxySiIniaESq5vxbRDJKGgK8vpEuzxL0+Syl7BPijsX1j54i4aIos20RbaQTY6REV0jkqojCi6Qw/oCT0b98aj8WK8Dkczxiizjv7AePsBs1OaQQ==</latexit>

d < dcurrent
<latexit sha1_base64="Pl6cqDkE/W5hVbdenUYswiUNX4w="></latexit>

⇥ = (✓1, ✓2, ✓3) = (0,
1

3
dstart, 0) ! d

<latexit sha1_base64="kVvwA5WEp2atUrB1TKpQvI5r0aw="></latexit>

⇥ = (✓1, ✓2, ✓3) = (dstart, dstart, dstart) ! d
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GS (6)
• Lemma 1: Let with , for . Then,                                                        

holds.

• Proof: 

• : Each

• : Each 

• with                           , 

Analyzing FIFO-Multiplexing Tandems with Network Calculus and a Tailored Grid Search (Short Paper) | A. Scheffler, S. 
Bondorf  and J. Schmitt17

<latexit sha1_base64="NzNkwQTwcSlWj0wwGoLfqoD0tn4=">AAACBXicbVDLSsNAFJ3UR2t9RV0qMlgUF6UkRaorKbgRF1LBPqAJYTKdtEMnkzAzEUroxo2/4saFIm79B3d+gP/hpO1CqwcuHM65l3vv8WNGpbKsTyO3sLi0nC+sFFfX1jc2za3tlowSgUkTRywSHR9JwignTUUVI51YEBT6jLT94UXmt++IkDTit2oUEzdEfU4DipHSkmfu9T27DPteFTqUQydEauD76fXYS8/tsWeWrIo1AfxL7Bkp1fNXX7XG/lHDMz+cXoSTkHCFGZKya1uxclMkFMWMjItOIkmM8BD1SVdTjkIi3XTyxRgeaqUHg0jo4gpO1J8TKQqlHIW+7szOlPNeJv7ndRMVnLkp5XGiCMfTRUHCoIpgFgnsUUGwYiNNEBZU3wrxAAmElQ6uqEOw51/+S1rVil2rnNzoNMpgigLYBQfgGNjgFNTBJWiAJsDgHjyCZ/BiPBhPxqvxNm3NGbOZHfALxvs3d7aZdg==</latexit>

g1, g2 2 N>1
<latexit sha1_base64="Hy680Xf+NlO3xOhGGXbPCFiqFDg=">AAACBHicbZDLSsNAFIYnXmutGnVZkMEiVNCSFFE3QsGNyxbsBdoQJpNJOnRyYWYilNCFG7fufQE3XSji1odw58uIk7YLbf1h4OM/53Dm/E7MqJCG8aUtLa+srq3nNvKbha3tHX13ryWihGPSxBGLeMdBgjAakqakkpFOzAkKHEbazuA6q7fvCBc0Cm/lMCZWgPyQehQjqSxbLw5gD7uRhGXfNuEpNI/hFfTtaoa2XjIqxkRwEcwZlGqFx8b46fugbuufPTfCSUBCiRkSomsasbRSxCXFjIzyvUSQGOEB8klXYYgCIqx0csQIHinHhV7E1QslnLi/J1IUCDEMHNUZINkX87XM/K/WTaR3aaU0jBNJQjxd5CUMyghmiUCXcoIlGypAmFP1V4j7iCMsVW55FYI5f/IitKoV87xy1lBpnICpcqAIDkEZmOAC1MANqIMmwOAePIMX8Ko9aGPtTXufti5ps5l98Efaxw+ppZfg</latexit>

k · (g1 � 1) = g2 � 1
<latexit sha1_base64="M2B4NSKGBjM9Xxmdc++s5OEkOhw=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBhZQZERVcWHDjSiraB3RKyaRpG5rJDEmmMAz9EzcuFHHrF+gnuHPtj5hpu9DWA4HDOfdyT44fcaa043xZuYXFpeWV/GphbX1jc8ve3qmpMJaEVknIQ9nwsaKcCVrVTHPaiCTFgc9p3R9cZX59SKViobjXSURbAe4J1mUEayO1bXuAPCaQF2Dd9/30ZtS2i07JGQPNE3dKipff7+zjIrmrtO1PrxOSOKBCE46VarpOpFsplpoRTkcFL1Y0wmSAe7RpqMABVa10nHyEDozSQd1Qmic0Gqu/N1IcKJUEvpnMEqpZLxP/85qx7p63UiaiWFNBJoe6MUc6RFkNqMMkJZonhmAimcmKSB9LTLQpq2BKcGe/PE9qxyX3tHRy6xTLRzBBHvZgHw7BhTMowzVUoAoEhvAAT/Bspdaj9WK9TkZz1nRnF/7AevsBdFiXPQ==</latexit>

k 2 N
<latexit sha1_base64="rCzfFN0nhNshmdNobaOLfxsFKLY=">AAACKXicbVDLSgNBEJyNrxhfUY+CDAZBQcOuiHoMeNBjgiYGkhBmJ504OPtwplcMy36Ddz/Ai36KFwVFvfof4iQR0WjBQFFVTU+XG0qh0bZfrdTI6Nj4RHoyMzU9MzuXnV+o6CBSHMo8kIGqukyDFD6UUaCEaqiAea6EE/dsv+efXIDSIvCPsRtCw2MdX7QFZ2ikZrZQR7jEuAWSddcOjjaTTtx0koG4ntB6B87pP5Gt70gzm7Pzdh/0L3G+SK4wfVW6u/5YLjazj/VWwCMPfOSSaV1z7BAbMVMouIQkU480hIyfsQ7UDPWZB7oR9y9N6KpRWrQdKPN8pH3150TMPK27nmuSHsNTPez1xP+8WoTtvUYs/DBC8PlgUTuSFAPaq422hAKOsmsI40qYv1J+yhTjaMrNmBKc4ZP/kspW3tnJb5dMGxtkgDRZIitkjThklxTIISmSMuHkhtyTJ/Js3VoP1ov1NoimrK+ZRfIL1vsnmairEg==</latexit>

delay(GS-g1) � delay(GS-g2)

<latexit sha1_base64="XYp60bP53TC5pvxp1IOLy4hL4W0=">AAAB+XicbVDLSgNBEJyNGmN8rXr04GgQPJiwK6IeAx70GNE8IFmW2clsMmT2wUxvMCz7J148KOLVP/Hmf/gBTh4HTSxoKKq66e7yYsEVWNaXkVtaXsmvFtaK6xubW9vmzm5DRYmkrE4jEcmWRxQTPGR14CBYK5aMBJ5gTW9wPfabQyYVj8IHGMXMCUgv5D6nBLTkmmYH2COkN/flrJe6doZds2RVrAnwIrFnpFTNN8T3wWG55pqfnW5Ek4CFQAVRqm1bMTgpkcCpYFmxkygWEzogPdbWNCQBU046uTzDx1rpYj+SukLAE/X3REoCpUaBpzsDAn01743F/7x2Av6Vk/IwToCFdLrITwSGCI9jwF0uGQUx0oRQyfWtmPaJJBR0WEUdgj3/8iJpnFXsi8r5nU7jFE1RQPvoCJ0gG12iKrpFNVRHFA3RE3pBr0ZqPBtvxvu0NWfMZvbQHxgfPzpUlZI=</latexit>

GS-g1

<latexit sha1_base64="lnmLvb2VnouiYBrecROelN3aUrQ=">AAAB+XicbVDJSgNBEO2JW4zbqEcPtgbBgwkzQdRjwIMeI5oFkmHo6fQkTXoWumuCYZg/8eJBEa/+iTf/ww+wsxw08UHB470qqup5seAKLOvLyC0tr6yu5dcLG5tb2zvm7l5DRYmkrE4jEcmWRxQTPGR14CBYK5aMBJ5gTW9wPfabQyYVj8IHGMXMCUgv5D6nBLTkmmYH2COkN/elrJe6lQy7ZtEqWxPgRWLPSLG62hDfh0elmmt+droRTQIWAhVEqbZtxeCkRAKngmWFTqJYTOiA9Fhb05AETDnp5PIMn2ili/1I6goBT9TfEykJlBoFnu4MCPTVvDcW//PaCfhXTsrDOAEW0ukiPxEYIjyOAXe5ZBTESBNCJde3YtonklDQYRV0CPb8y4ukUSnbF+XzO53GGZoijw7QMTpFNrpEVXSLaqiOKBqiJ/SCXo3UeDbejPdpa86YzeyjPzA+fgA72pWT</latexit>

GS-g2

<latexit sha1_base64="QlmPbaCo1VFUldqHENGuprFDPxA="></latexit>

✓i 2

0,

1

g1 � 1
dstart,

2

g1 � 1
dstart, ...,

g1 � 1

g1 � 1
dstart

�

<latexit sha1_base64="0DSyyn3GjgchQj9X1LChF/3p1mE="></latexit>

✓i 2

0,

1

g2 � 1
dstart,

2

g2 � 1
dstart, ...,

g2 � 1

g2 � 1
dstart

�

<latexit sha1_base64="3HwivlEQfTG12+MjtUK5mEHjuzw="></latexit>

k·(g1�1)=g2�1
=


0,

1

k

dstart

g1 � 1
,
2

k

dstart

g1 � 1
, ...,

k · (g1 � 1)

k

dstart

g1 � 1

�

<latexit sha1_base64="TurtpJtQ8aaYcxOTWpUID93cczI="></latexit>

✓i(GS-g1) =
a

g1 � 1
dstart <latexit sha1_base64="jOcQ7/0UleAQlFcZ1UtKuZWk8hQ=">AAAB8nicbZC7SgNBFIZn4y3GW9RSkMEgWEjYFVE7AzaWiZgLbJYwO5lNhszuLDNnlbCk9BFsLBSxtbHzOex8Bn0IJ5dCE38Y+Pj/c5hzjh8LrsG2P63M3PzC4lJ2Obeyura+kd/cqmmZKMqqVAqpGj7RTPCIVYGDYI1YMRL6gtX93sUwr98wpbmMrqEfMy8knYgHnBIwltu84p0uEKXkbStfsIv2SHgWnAkUzt++7nbfK9/lVv6j2ZY0CVkEVBCtXceOwUuJAk4FG+SaiWYxoT3SYa7BiIRMe+lo5AHeN04bB1KZFwEeub87UhJq3Q99UxkS6OrpbGj+l7kJBGdeyqM4ARbR8UdBIjBIPNwft7liFETfAKGKm1kx7RJFKJgr5cwRnOmVZ6F2VHROiscVu1A6RGNl0Q7aQwfIQaeohC5RGVURRRLdo0f0ZIH1YD1bL+PSjDXp2UZ/ZL3+AIhZlc8=</latexit>)

<latexit sha1_base64="netzD5+5iZ+lattkOFfYnemxssw="></latexit>

✓i(GS-g2) =
b

g2 � 1
dstart

<latexit sha1_base64="KP1OsLg1mhTBs/zve10F7K6o4d8=">AAACDHicbVDLSgMxFL1TX7VWrboUJFgEF7XMiKjLghtX0oJ9QGcomTRtQzOZIckIZegHuNG93yC4caGIWz/AnT8jpo+Fth4IHM45l9x7/IgzpW37y0otLC4tr6RXM2vZ9Y3N3NZ2TYWxJLRKQh7Kho8V5UzQqmaa00YkKQ58Tut+/2Lk12+oVCwU13oQUS/AXcE6jGBtpFYujzBymUBugHXP95OrIXIJjlDTLqBuy0FHjodMyi7aY6B54kxJvpS9rzw+fO+VW7lPtx2SOKBCE46Vajp2pL0ES80Ip8OMGysaYdLHXdo0VOCAKi8ZHzNEB0Zpo04ozRMajdXfEwkOlBoEvkmOdlaz3kj8z2vGunPuJUxEsaaCTD7qxBzpEI2aQW0mKdF8YAgmkpldEelhiYk2/WVMCc7syfOkdlx0TosnFdNGASZIwy7swyE4cAYluIQyVIHALTzBC7xad9az9Wa9T6IpazqzA39gffwAL7ycIw==</latexit>

a 2 N \ [0, g1 � 1]
<latexit sha1_base64="a2cArnEQYFTUC8h7sqPIs34ftv8="></latexit>

b = a · k 2 N \ [0, g2 � 1]



im Menü über: 
Start > Absatz > 

Listenebene 

Evaluation
• Setup

• 2086 unique nested tandems
• Arrival curves set to token bucket  
• Service curve set to rate latency          with           and    set to achieve a utilization 

of each server of 95%
• Goal

• Find reasonable value of g (GS parameter) s.t. the ranking of the different tandems 
is close to the ranking with the LUDB analysis

Analyzing FIFO-Multiplexing Tandems with Network Calculus and a Tailored Grid Search (Short Paper) | A. Scheffler, S. 
Bondorf  and J. Schmitt18

<latexit sha1_base64="KRZ3E0LW+3P6BhHgMTzG5N3XWGs=">AAACCnicbVBNS8NAEN3Ur1q/oh69RIvgoZRERAURCl68iBXsBzYhTLbbduluEnY3Qgk5e/GvePGgiFd/gTdP/hW3rYK2Phh4vDfDzLwgZlQq2/4wcjOzc/ML+cXC0vLK6pq5vlGXUSIwqeGIRaIZgCSMhqSmqGKkGQsCPGCkEfTPhn7jlghJo/BaDWLiceiGtEMxKC355rbbBc7BT13Ri0qupF0O2emP6JSczDeLdtkewZomzjcpVsyLy8+T9k3VN9/ddoQTTkKFGUjZcuxYeSkIRTEjWcFNJIkB96FLWpqGwIn00tErmbWrlbbViYSuUFkj9fdEClzKAQ90JwfVk5PeUPzPayWqc+ylNIwTRUI8XtRJmKUia5iL1aaCYMUGmgAWVN9q4R4IwEqnV9AhOJMvT5P6ftk5LB9c6TRKaIw82kI7aA856AhV0DmqohrC6A49oCf0bNwbj8aL8TpuzRnfM5voD4y3L64NnR0=</latexit>�⇢,� = �1,1
<latexit sha1_base64="cbFt7aUeEhPg5Ro/1ZvpQB+ksWA=">AAAB8nicbVDLSsNAFJ3UV62vqEs3g0VwUUoiooKbghs3YpW+MA1lMpm2QyeZMHMjlNDPcONCEbd+jTtX/orTx0JbD1w4nHMv994TJIJrcJwvK7e0vLK6ll8vbGxube/Yu3sNLVNFWZ1KIVUrIJoJHrM6cBCslShGokCwZjC4GvvNR6Y0l3ENhgnzI9KLeZdTAkby2gED0snuS7VRxy46ZWcCvEjcGSlW7Jvb78vwodqxP9uhpGnEYqCCaO25TgJ+RhRwKtio0E41SwgdkB7zDI1JxLSfTU4e4SOjhLgrlakY8ET9PZGRSOthFJjOiEBfz3tj8T/PS6F74Wc8TlJgMZ0u6qYCg8Tj/3HIFaMghoYQqri5FdM+UYSCSalgQnDnX14kjZOye1Y+vTNplNAUeXSADtExctE5qqBrVEV1RJFET+gFvVpgPVtv1vu0NWfNZvbRH1gfP6vJk7w=</latexit>

�R,T
<latexit sha1_base64="qBZItq2F7y55k6wE/U4gSEeTg1U=">AAAB6nicbZC7SgNBFIbPxluMt6ilIINBsJCwG0RtxICNZYK5QbKE2clsMmR2dpmZFcKS0tLGQhFbX8DO57DzGfQhnFwKTfxh4OP/z2HOOV7EmdK2/WmlFhaXllfSq5m19Y3Nrez2Tk2FsSS0SkIeyoaHFeVM0KpmmtNGJCkOPE7rXv9qlNdvqVQsFBU9iKgb4K5gPiNYG+umcmG3szk7b4+F5sGZQu7y7etu/738XWpnP1qdkMQBFZpwrFTTsSPtJlhqRjgdZlqxohEmfdylTYMCB1S5yXjUITo0Tgf5oTRPaDR2f3ckOFBqEHimMsC6p2azkflf1oy1f+4mTESxpoJMPvJjjnSIRnujDpOUaD4wgIlkZlZEelhios11MuYIzuzK81Ar5J3T/EnZzhWPYaI07MEBHIEDZ1CEayhBFQh04R4e4cni1oP1bL1MSlPWtGcX/sh6/QGW2ZG7</latexit>

T = 0
<latexit sha1_base64="6vzfjcskgSEGIHLjKMYZPnslM7A=">AAAB6HicbZC7SgNBFIbPxluMt6ilIItBsJCwK6J2BmwsEzEXSJYwOzmbjJmdXWZmhRBSWtlYKGLrG9j5HHY+gz6Ek0uhiT8MfPz/Ocw5x485U9pxPq3U3PzC4lJ6ObOyura+kd3cqqgokRTLNOKRrPlEIWcCy5ppjrVYIgl9jlW/ezHMq7coFYvEte7F6IWkLVjAKNHGKl01szkn74xkz4I7gdz529fd7nvpu9jMfjRaEU1CFJpyolTddWLt9YnUjHIcZBqJwpjQLmlj3aAgISqvPxp0YO8bp2UHkTRPaHvk/u7ok1CpXuibypDojprOhuZ/WT3RwZnXZyJONAo6/ihIuK0je7i13WISqeY9A4RKZma1aYdIQrW5TcYcwZ1eeRYqR3n3JH9ccnKFQxgrDTuwBwfgwikU4BKKUAYKCPfwCE/WjfVgPVsv49KUNenZhj+yXn8Ao9+ROA==</latexit>

R
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Listenebene 

Evaluation (2)
• Ranking deviation compared to LUDB

Analyzing FIFO-Multiplexing Tandems with Network Calculus and a Tailored Grid Search (Short Paper) | A. Scheffler, S. 
Bondorf  and J. Schmitt19
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Evaluation (3)
• Average analysis runtime

Analyzing FIFO-Multiplexing Tandems with Network Calculus and a Tailored Grid Search (Short Paper) | A. Scheffler, S. 
Bondorf  and J. Schmitt20
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Evaluation (4)
• Delay bound deviation of the top-ranked tandems
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Conclusion
• Exploration of network design space w.r.t. delay bounds in FIFO-Multiplexing 

tandems

• Benchmark several NC analyses for this task

• SFA-FIFO’s bounds too coarse: Ranking deviation of up to 93% compared to 
LUDB-FF

• New analysis GS: 
• Worst-Case order deviation of no more than 41% while GS is considerably faster 

than LUDB-FF
• Precision and runtime can be improved with a parameter 
• g of 2-4 most suitable for striking a reasonable balance between quality of 

ranking and runtime
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Thanks for your attention!

Questions?
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